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PREFACE. 



The " Elements of ABtronomy" of Bishop Brinkley 
haa for more than sixty years been used as a text- 
book by the Students of the TJniversity of Dub- 
lin. When Dr. Brinkley held the office of An- 
drews' Professor of Astronomy, he delivered the 
sabstsnoe of this work, in his puhlie annual pre- 
lections to the Undei^^raduates, from the year 1799 
to 1808. In the latter year, at the request of the 
Board of Trinity College, he printed these lectures 
in a volume, and afterwards added an appendix of 
problems. Since that time the work has formed 
an important portion of the oourse of study pre- 
Boribed for the Undergraduate Lectures andExami- 
nations, yet very little alteration had been made 
in the text to oorrespond with the recent progress 
of Astronomioal Solenoe. The author had intended 
to prepare some additions to the work, particularly 
on the subject of double stars and comets, but was 
prevented by his episcopal duties, and a distressing 
and tedious illness. It was long felt by those who 
were engaged in the teaching and examining o£ 
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the Students, that wliile the plan of tte treatise 
was excellent, and admirably adapted for the in- 
tellectual training of the TJndergraduates, it was 
in many respects seriously defective as a text- 
Iwok. 

There were many points in the reasoning which, 
although sufficiently dear to a thinker of Dr. 
Brinkley's ability, required much further elucida- 
tion before they eould be made intelligible to the 
ordinary Student. Very important subjeots con- 
nected with the Boienoe were omitted altogether, 
and in recent times it was universally felt that 
the treatise was not in keeping with the advanced 
state of Astronomical Science. The Provost and 
Senior Fellows of Trinity College, having had 
reason to believe that the work required consider- 
able improvements, if it were to be oontinued as a 
text-book for all Students, and not wishing that a 
treatise so long and intimately connected with 
the studies of the University of Dublin should 
be superseded, oommissioned me to imdertake 
a thorough revision of it, and to endeavour to 
make it suitable to the requirements of the Stu- 
dents and to the present advanced state of 
the Science- 

For this purpose I placed myself in commu- 
nication with my friend Dr. Briinnow, the present 
eminent suooessor of Dr. Brinkley in the chair 
of Astronomy ; and the valuable aseistanoe which 
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he promptly afforded very muoh aided me in' my 
attempt to produce a text-book whioli a long ex- 
perience as College Tutor enabled me to see 
would meet the wants of the Students. 

The whole of Br. Brinkley'a work has been 
carefully revised, oorreoted, and in many plaoea 
altogether re-written. Some oonsiderable portions 
of the book which were found to be imsuited to 
the Students have been omitted, while new chap- 
ters and portions of chapters have been added 
which are not to be found in the original work. 

The arrangement of the chapters has been con- 
siderably altered ; those which are required of all 
Students, at the ordinary Term and Degree Exa- 
minationa, have been placed together. I have 
wiritten a chapter on the masses of the heavenly 
bodies and on the Tides^ and have also supplied 
an account of the principal comets, and a method 
of treating the equation of time different from 
that adopted by Brinkley, together with numerous 
other minor additions to every chapter- 

Dr.BrunnoWjbesidesgivinggen eral suggestion s , 
has written new chapters on the physical constitu- 
tions of the sun and heavenly bodira, on the discove- 
ries by means of the Spectroscope, on the proper 
motioi^ of the ffxed stars, on the recent methods 
of ascertaining the parallax of the fixed stars, and 
on the general advance of Stellar Astronomy. He 
hafi also remodelled the portions of the work which 
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treat of instramenta, and made them suitatle to 
the present improved conditiCTi of practical Astro- 
■ •Domy. 

I have also endeavaiired to subetitute new and 
simpler mathematical demonstrations in many 
cases where my experience led me to think that tha 
old ones were too cumbrous, and have added a series 
of questions on the first thirteen chapters which I 
hope will he found useful to the Students prepar- 
ing for examinations. 

On the whole, it has been my anxious wish to 
remodel the work of Bishop Brinkley ao as to make 
it correspond with the present extended knowledge 
of this science, and- at the same time to furnish in 
it such a text-book as my experience as a teacher 
shows to be required. 

I wish to return my best thanks to Profes- 
sor Brilnnow for his assistance, and also to my 
friend Mr. Williamson, for his trouble in reading 
the proof-sheets, and for his kind suggestions. 

JOHN "W. STUBBS, 

Tbixiti Colikgf, Novkmbeb, 1871. 
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INTBODUCTION. 



TaE Science of Astronomy has advanced to its present 
■tate, by means of a series of observations and discove- 
ries made during a long course of ages. We can now 
select from these suob as will best conduce to demon- 
strate tke true system, and explain the various pfaeno- 

Astronomy, by making known to us the immensity 
of the creatiou, necessarily increases our reverence of 
the Divine Creator. This, alone, is a sufficient reason 
for making it a part of general education, It also, 
perhaps, furnishea a more satisfactory applica- 
tion of the abstract sciences than any other part 
of Natural Philosophy. Its practical utility is also 
considerable. It has always been useful in Geography 
and Navigation, and within tho last century has afforded 
splendid asBistanoe to the latter, by the lunar method of 
finding the longitude at sea. 

When the student first applies himself to subjects of 
Katural Philosophy, it is of much importance that he 
should proceed by the same strict and accurate manner 
of investigatioD to which he had been accustomed 
while engaged in the rudiments of Miathematics. 
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The perfection of modern inatramente, and of modem 
observationa, admits of an arrangement which will 
afford, with respect to the most important facts in 
Astronomy, nearly the same degree of conviction to the 
mind as it receives from the eleraente of Euclid, and 
which requires little more preparatory knowledge. 
Such an arrangement has here been had in view. 

The phenomena of the celestial bodies observed by a 
spectator fixed in one place are first noticed. The 
uniform apparent diurnal motion of the concave surface,, 
carrying with it the sun, moon, planets, and fixed stars, 
leads to the definitions of the celestial equator, pofes, 
meridian, declination, &c. The considerations of the 
apparent motions of the sun, moon, and planets, on the 
apparent concave surface, lead to the definitions of the 
ecliptic, of right ascension, longitude, &c. The various 
problems of the sphere have their origin from the appa- 
rent motion of the concave sutfaco and the apparent 
motions of the sun, moon, and planets on this surface. 
This is almost aU. the astronomical knowledge that could 
be attained to by a spectator fixed to one spot, and not 
possessing observations made in distftnt places. Ke 
could form no accurate notions of the actual magni- 
tudes, and actual distances of the sun, moon, and planets. 
Al l the certain astronomical knowledge tliat existed 
for many ages was limited to the doctrine of the 
sphere. 

The next consideration is, in what manner we can 
ascertain the actual magnitudes of the celestial bodies 
and their actual distances from us. Telescopes enable 
na to examine more exactly their appearances, and serve 



L;3.i:-:ij,XAK>t;k 



Jntroduction. xi 

to exhibit many most intereBting phenomena, but do not 
directly lead ns further. 

The first step of importance ia a knowledge of the 
form and magnitade of the earth. The fixed stars ap- 
pear in the same relative sitoationa, at the same 
ang:tilar distances from each other, and from the 
visible celestial pole, in whatever part of the earth we 
are. The most exqnisite iastruments point out no al- 
teration. The conclusion drawn from this is, that the 
fixed stars are at distances so great, that lines directed 
from aU places on the surface of the earth towards the 
flame fixed star, or towards the visible celestial pole, 
must be considered as parallel. Combining this with 
what has been observed in so many places, that the 
variation of altitude of the celestial pole is proportional 
to the space gone over in a direction north or south, and 
tJiat for a change of altitude of one degree the space is 
about 69^ miles, it is easily proved that the earth ia 
nearly a sphere of about 8000 miles in diameter. 

This is an important step : we thus ascertain that a 
space of 8000 miles is as nothing compared with the 
distances of the fixed stars. 

It also follows that the altitude of the celestial pole 
is equal to the latitude of the place. This coucluaion 
enables us to solve the problems arising irom the situa- 
tion of the celestial circles in different places, and to 
explain the variety of seasons over the whole earth, 
independently of the knowledge of the true system. 

Having ascertained the form and magnitude of the 
earth, the next step is to investigate the magnitudes 
of the sun and planets, or at least to show that some of 
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tbem greatly exceed the earth ia magnitude, and aleo 
to show their vast distances compared with the diameter 
of the earth. It ia important that this ehould be done 
previously to demonstrating the true system. 

Certain observations, made with micrometers, at two 
places considerably distant iirom each other, but nearly 
tinder the same meridian, serve for this purpose. The 
student will readily apprehend this method ; he will see, 
that by it we are enabled to ascertaia the angle the 
disc of the earth would be seen under, could we remove 
ourselves to a planet to make the observation. This 
angle can be ascertained with as great precision aa we 
can meaBAire the apparent diameter of a planet seen from 
the earth. If, with respect to some of the planets, the 
angle which the earth's disc subtends be bo small that it 
is within the limit of the errors of observation, yet we 
obtain a limitofthemagnitudeof the earth compared with 
the magnitude of the planet. Thus the earth seen from 
Jupiter subtends an angleoffour seconds, when Jupiter 
seen from the earth subtends an angle of forty seconds. 
Now, if it be Qontended that neither of these angles can 
be ascertained to a second or two, it will make no diffe- 
rence as to the purpose for which thb mode of ascer- 
taining the relative magnitudes of the earth and Jupiter 
is introduced. It will sufficiently show that the mag- 
nitude of Jupiter greatly exceeds that of the earth, . 
and also will show that the distance of Jupiter la' 
many thousand times greater than the diameter of the 
earth. 

The spots upon the sun, and appearances in several 
of the planets, show that tbey are spherical bodies, hav- 
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ing a motion of rotation on their axes. All this, being 
quiteindepeadentofanyhypotheeisasto the arrangement 
of these bodies, assiBta much in the argumenta by which 
the rotation of the earth on its asie, and its annual mo- 
tion round the sun in an orbit nearly circular, may be 
proved. 

The different motions of the planets on the ooncaTO 
surface which appear ao irregular are chiefly explained 
by theu- movii^ in orbits nearly circular about the sun. 
- By following an arrangement of this kind any student 
may, without difBoulty, satisfy himself of the truth of 
the Copernioan system. He will find this manner of 
treating the subjeot pursued in the £rat seven chapters 
of this work. 

Aft«r the true system has been explained, the subse- 
quent arrangement in a treatise on astronomy eeems of 
little consequence. 

In this work, afterthemotions of the primary planets 
are explained in a general manner, the motions of the 
moon and secondary planets, and several other circum- 
stances connected therewith, are briefly noticed. 
■ A short account of instruments and obserrations, by 
which the places and motions of the celestial bodies ars 
exactly ascertained, is followed by a more exact stated 
ment of the planetary motions, and by an account of 
Kepler's discoveries ; also, by a more particular account 
of the motions of the moon, of the satellites and of 
comets. 

Several of the phenomena which arise from, or are 
ptnnted out by, the motions and bodies of the solar 
system, are next ooniidered. Such ore the eclipses of 
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the Sun and Jloon, the trftueite of Tenus and Mercury 
over the Sua's disc, the Telocity and aberration of lights 
and the equation of time. 

The application of astronomy to navigation and geo- 
graphy ig also introduced, and the importance of the 
former has occasioned a rather long detail. 
^ A chapter on the method of aacertaimng the maaaeB 
of the earth, eun, and planets, and the effect of the at- 
tractions of the Hun and moon on the waters of the sea 
in theproduotionof the Tides, has been added; also, de- 
tailed accounts of the recent methods of investigating 
the physical constitutions of the sun and other heavenly 
bodies, and of obserring the annaal parallax of the fixed 

The chapter on the discoveries in physical astronomy 
tjontains little more, than an historical account. It had 
been at first intended that it should contain the elcmen* 
tary parts of physical astronomy, aa far as respected 
Kepler's discoveries. Physical and plane astronomy are 
now BO connected that it is difficult to treat of them se- 
parately. 

Facts in the history of astronomy haye been only oc- 
casionally introduced. The student, who hod made 
himself so well acquainted with astronomy as to find ita 
history interesting, will easily pcoonre for himself, from 
a variety of authors, all the information he can desire. 

Among the various advantages derived from the. 
Boience of astronomy, there is one eminently deserving of 
notice. We see the most complex appearances and most 
intricate apparent motions admitting of the simplest ex- 
planations. 
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, How intricate and Tarioiisare the apparent motions 
which depend only cm. a primary motion of projection 
and the simple law of gravity I This may assist ne ia 
other departments of natural science, and may encou- 
rage UB to expect that the most difficult phenomena 
may at laat be found to arise from the most simple laws. 

The aberratidn of light furnishes a remarkable illus- 
tration. 

Light moves about 200,000 miles iu a second; had 
it moved only 50 miles in a second, it is probable that 
astronomy would not now have e:xiated as a science. The 
motions of the stars and planets would have appeared 
inextricable confusion. The face of the heavens would 
have been continually changing, and could not have 
divided into constellations. Stars which at one time 
would be seen close together, at another would appear 
many degrees asunder. All this would be occasioned 
by the simple change of the velocity of light, and, as ia 
easily understood, would arise &om a combination ofthe 
motion of light, and ofthe other motions in the system. 
If this motion be pursued in all its bearings, it cannot be 
doubted that a consequence of such an alteration in the 
velocity of light would have been, that this Bcience, by 
which our knowledge of the creation is bo much extend- 
ed, would scarcely as yet have existed. 
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OS "THB SOCTBUfE OF THB BFHBBE. 

1. rpHEimagiiiarrconcaTesiirface.in which a spectator 
X at first coneeivea all the heavenly ho'dlcs placed 
is an hemisphere, in the centre of the hase of which he 
himself is eituat«. The hase of this hemisphere is the 
plane by which his n^ of the h^'Pene is bounded. It 
is caUed the plane of the horison. 

The numerous bodies observed on. the concare surface 
differ in lustre, and apparently in magnitude. All of 
them appear. to. have apijiiiry inotion. Many of them 
emerge *a3'it'were?"froni "below the plane of the horizon, 
and after traversing the concave surface, disappear, iff 
rise again tit the same points of the horizon as be- 
fore. Others in their p"at1ia n^ver reach die horizon, but 
continually move round a fixed point in the heavens. 

Paf the greater number of the celestial bodies pre- 
serve the same situation with respect to each other ; 
that is they preserve the same apparent distances from 
each other. These aro called j£rei start. 

The Bun, besides his diurnal motion of rising and 
descending, s^ms also to have a motion on the concave 
surface, and in a certain space of time, called a year, to 
return to the same position with respect to the fixed 
stars. 
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The moon apprars also, besides its dioroal motion, to 
have a motion among the fised stars, and in a space of 
time called a' month, returns nearly t« the same position 
vith respect to the sun. 

2. The spectator viewing^ those stars that do not set, 
will obaerre one of them n^arfy immoveable. This ia 
called the Polar Star, from its vicinity to the point about 
which the stars that do not set appear to more. The point 
itself is called the North pole The face of the specta- 
tor being tamed to this point, the stars rise on his right 
hand, or in the east, and set on bis left hand, or in the 
■west ; and thus the apparent diurnal motion of the celes- 
tial bodies that rise and set, is from east to west. 

The apparent motions of tbo sun and moon among the 
fixed stars, are in a contrary direction ; that is, from 
west to east. 

Besides the sun and raoon, and fised stars, a number 
of other celestial bodies may be noticed, which, beside 
their apparent diurnal motions, ^have wj^ent motions 
that at first seem not easily btougb't under any general 
laws, Sofi'ettfc'es they appear to move in the same 
direction among the fixed stars as the sun and moon; 
at other times in a contrary direction, and then are said 
to be retrograde. At times they appear nearly stationary. 
The larger of these bodies arc named planets. They 
have been named Mercury, Venus, Mars, Ceres, Pallas, 
Juno, Vesta, Jupiter, Saturn, Uranus, and Neptune. 
Of these, five have'Tieen noticed from the remotest anti- 
quity. Of the remaining two, which are only visible by 
tiie assistance of telescopes, "Uranus was discovered by 
Sir W. Herechel in 1780, and Neptune in 1845 by 
Dr. Galbe, of Berlin, nearly in the place predicted 
by the independent researches (on the observed irregu- 
larities in the motion of TTranus) of Le Verrier, of Paris, 
and Professor Adams, of Cambridge. These seven con- 
stitute the great planets. Besides these there is a group 
of minor planets, called Asteroids, wbich (with the 
'xception, perhaps, of one or two) cannot, even with a 
ipe, be distinguished from fixed stars, except by 
motions, Of these the four brightest were dis" 
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ccvered in the beginning of the preeent century ; Ceres, 
by Piazzi on the 1st January, 1801 j Pallas, at Bremen, 
by Br, Olbers; Juno, at Lilientba], byU. Harding; and 
Vesta, by Dr. Olbers ; the next, Astrtea was discovered 
by Sencke in 1845; and since that time several new 
ones have been noticed ; so that at present (1871) their 
number amounts to 113. The laige planets, and sonie 
of tho ^steroids, are always found to be near the 
annual pafhof the sun in the concave surface^ but many 
of the latter are often at a great distance Irom this path. 
^Two pf,,tbe larger planets. Mercury and Venus, are 
•/"never M'from the sun. 

3. The above are a feW of the phenomena which offer 
themselves in contemplating the heavens. But the mo- 
tions are in general only apparent, and take place from 
a combination of a variety of different motions. The 
difficulty of deducing the actual ciroumstanccB of the mag- 
nitudes, and of distinguishing the true from the ap- 
parent motions, of these bodies, however easy it may 
appear when dt^^^ is such that wcjought not to be sur- 
prised that the ancients made so lit'ile progress toward 
the knowledge of the true system and true dimensiona 
of the universe ; nor ought we to think lightly of their 
efforts, and to treat them with contempt for their errors. 
The modems, by the joint assistance of mechanics, optics, 
and mathematics, have advanced the science of astro- 
nomy to a greater degree of perfection, perhaps, than 
any other branch of natural knowledge. 

4. For more readily explaining and referring to tha 
phenomena of the celestial bodies, certain circles are 
imagined to be described on the concave surface. Dis- 
tances on the concave surface are measured by arcs of 
great circles, or circles of a sphere, tho plane of which 
passes through the centre. The* present diTisiou of 



' Tbe old nods of exprmclng the meKanre of *n *rc iru by atatini; 
its nlatioD lo Ihe whole drcumference I ihue the diameter nt Vm 
lull, meaiuied on the ouDcave eurlace, was laid lu be j^ of a great 
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the circle into 860 eqnal parts, called degrees, of each 
degree into 60 equal parts, called minates, and of each 
minnte into 60 equal parts, called seconds, was not 
used till long after aslronomy had attained to a consi- 
derable decree of perfection. 

It is much to be regretted, that, at the rsTiTftl of 
learning in £!arope, a decimal diyision of the circle was 
not adopted, which would have greatly facilitated astro- 
nomical computations. The French, after the Eevolu- 
tion, adopted this division for a short time, but not 
generally. They divided the circle into 400 parts, 
each quadrant containing 100, each of these parts into 
100, &c. "We fiod this division adopted in some books 
of that period; for instance, the "Mecauique Celeste" 
of Laplace. 

The circles, and arcs of circles, forming parts of the 
instruments used in practical astronoray, are actually 
divided into degrees and parts of a degree, as far as the 
magnitude of the radius will permit, so that the di- 
visions may not be too close together. The arcs of 
limbs of the larger astronomical quadrants and circles 
are divided into intervals of five minutes, and those of 
the largest circles into intervals of twominutes. Butthe 
measure of an angle can be obtained to -jl^ of a second 
by the assistance of ingenious contrivances, that will 
be noticed hereafter. The most improved instruments 
are thus adapted to measure angles to fractional parts of 
seconds. In general, with the best instruments, the re- 
sult of a single observation can now be depended on to a 
second, and in many cases to a fraction of one second. 

5. Let us return to the consideration of the visible 
concave surfece of the heavens. The intersection of the 
plane of the horizon, with the imaginary concave sur- 
face, is a great circle, which may be called the celestial 
horiton. A plumb line hanging freely and at rest, is 
perpendicular to the plane of the horizon, and a small 
fluid surfaceat restisin theplane of thehorizon. These 
two circumstances are of the utmost importance to the 
practical astronomer. Theimpossibility of having, except 
at sea, an uninterrupted view, and other causes, make 
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it difSctilt for him to use the horizon itself; hut the 
plumb line and fluid surface fully compensate for these 
mcoDTeniences. 

The ahitvde of a celestial object is its distance fkim 
the horizon, measured on a great circle passing through 
the object, and at right angles to the horizon. Such 
a circle is called a secondary to the horiion ; a great 
circle at right angles to another great circle, being 
called a secondary circle. And the itnith distance of a 
celestial object is its distance from the upper pole of the 
horizon, which is called the zenith. By the assistance 
of a plumb line and quadrant, the altitude or zenith dis- 
tance may bo readily found. 
Let ACa (rig. 1 .) be an astro- 
nomical quadrant, the aro AQ 
of which is divided into de- 
grees,&c., the radius AC is ad- 
justed perpendicular to the ho- 
rizon, by turning the quadrant 
about the point C, till a plumb 
line, suspended irom C, passes 
over a point A. The radius CQ 
ia then horizontal. A moY&- 
able radius or index CT ia 
placed in the direction CO 

of the object, by means of plain sights at the ex- 
tremities of the radius C and T (now rarely used), or by 
means of a telescope affixed to the radius. The arc 
TO will then show the altitude, for TCQ equals HCO 
the altitude; and the arc TA will show the zenith 
distance, for ACT equals OCZ the zenith distance. The 
method of observing altitudes will be more accurately 
described hereafter : it was thought necessary to advert 
to it here ; and also to mention how an angnlar distance 
on the concave surface may be measured. 

A circle divided into degrees, &c., furnished with a 
iixed radius, and a moveable radius, being placed in the 
plane passing through two objects and the eye, the circle 
may be turned till the fixed radius passes through one 
object, and then, the moveable radius being mode to 
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pass through the other, the arc intercepted hetweea 
them will show the angular distance. This method 
is now rarely uaed. The angnlar distance of two ob- 
jects when required, is i^laoiii "directly observed, on 
aocoant of the inconrenieace of adjusting the plane of 
the instrument, and the two radii, to two objects, both 
of which perhaps are moving, and with different mo- 
tions. Therefore, ia this way, great accuracy cannot 
he attained : but the conception of this method, although 
inaccurate, will be useful in what follows. When an 
angular distance on the concave surface is required, it is 
generally obtained by computation from other obaerva- 
tiona, e.-g. from the declinations and right aBcenBions (to 
be explained hereafter), la one instance, indeed, in lh« 
lunar method of finding the longitude, it is necessary 
to observe, with great precision, the distance of the 
moon from the sun or a fixed star. This ia done in 
a manner hereafter described, by an Qadley's sextant, 
an invaluable instrament for the purpose. By this in- 
BtrumehfalSo" the angolar distance between any two 
objects may be measured. 

6. To explain the phenomena of the apparent diurnal 
motions of the celestial bodies, we imagine an hemi- 
sphere below our horizon, and in it a poiat diametrically 
opposite to the north pole, which we call the south 
celestial pole; we also imagine that the concave surface 
turns uniformly on an axis, caUed the axis of the 
world, passing through the north and south poles, com- 
pleting ita revolution in the space of 23'' 56" nearly, 
carrying with it the aun, moon, and stars, while the 
horizon remains at rest. 

This hypothesis illustrates and represents the apparent 
diurnal motion of the aeverBl celestial objects in parallel 
circles, with an equable motion, each completing its 
circular path in the same time. That the motion of 
each atar is equable, and that they describe parallel 
circles on the concave surface, we deduce from ob- 
servation and the computations of spherical trigonome- 
try. This will be readily understood from what follows. 

The great circle, the piano of which is at right anglcB 
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to the axis of the world, is called the Equator. Sinpe 
all great circles of a sphere hisect each other, thip 
circle is bisected by the horizon, and therefore all celes- 
tial bodies situated in it are, dnring equal times, above 
and below the horizon; consequently when the sun is 
in this circle, day and night are of equal length, whence 
it is also called the equinoetial. 

This representation of the diurnal motion, by the 
motion of a sphere about an axis inclined to a plane 
representing the horizon, on which sphere the celestial 
bodies are placed at their proper angular distances, mttrt 
have been among the first steps in astronomy. Yet in 
the infancy of the science, doubtless, a considerable 
time elapsed before it was known that the diurnal paths 
of the stars were parallel circles, described with an 
equable motion. Without this, little progress indeed 
could have been made. It is likely that at first it was 
little more than an hypothesis, in some degree con- 
firmed by the construction of a sphere, to represent by 
its motion the celestial diurnal notions ; for its confir- 
mation, by the application of spherical trigonometry, 
seems to require a greater knowledge than we can sup- 
pose then existed. 

This diurnal motion, we now know, is only apparent, 
and arises &om the rotation of the earth about an axis, 
by which the horizon of the spectator revolTes, eue- 
ccssiyely uncovering, as it were, the celestial bodies, 
while the circles of the sphere are at rest. But the 
phenomena are the same, whether the horizon is at 
rest and the imaginary sphere revolves, or the horizon 
revolves and the imagiuary sphere is at rest. By con- 
ceiving the sphere to revolve and the horizon to be 
at rest, the phenomena are more easily representcd- 
Four centuries since, this apparent diurnal motion was 
generally considered to be real ; and had we not the 
knowledge derived irom navigation, and the communi- 
cation of observations made in distant countries, we 
might stiil contend for the truth of it. Now we only 
imagine it, for more readily explaining the phenomena 
of the sphere and the circles thereof. 
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7. Circles of the tphere. — Secondaries' to the eqnatoi 
are c&ilei circles of declination, because the arc of the 
secondary, intercepted between an object and tho 
equator, ie called ite declination fiort/t or eoulh, ac- 
cording as the object ie on the north or south side of the 
equator. 

The great circle paasing through the pole and the 
zenith, is called the meridian. This circle is at right 
angles, or a Beoondary, both to the horizon and equa- 
tor. It is easy to see that it divides tho visible con- 
cave surface into two parts, eastern and western, in 
every respect similarly situate as to the pole and paral- 
lel circles. The eastern parts of the parallel diurnal 
circles being equal to the western, and the motions 
equable, the times of ascent from the horizon to the 
meridian, are equal to tlie times of descent from the 
meridian to the horizon. 

In (Fig. 2) the circle T z 

5VSXKEN represents tho 
horizon, the centre C of 
which is the place of the 
spectator. The part of the ■ 
figure above this circle re- 
presents the visible con- ^ 
cave surface ; and the 
part below, the invisible. 
Z is the zenith; P the 
visible, and E the invi- 
flible pole. PZUSEWQ 
is tbe meridian, EQWTJ 
the equator. AB a small ^^" 

circle parallel to the equator, FLX the visible portion of 
another parallel to the equator. A star, situate in^AB, 
is continually above the horizon,'' A star in the equator 

' A common releatial globe, or even > reference to Ihe concavs 
Birfa™ itself, will mnch better is^at the conception of the circles 
of the iphere, thsn figures drawn on a plane eiirface, which ate 
rather apt to mislead a beginner. The horizou of lUe globe must be 
considered ae continued to pa*9 through the centre, where the eye ig 
■nppoted titndte viewing the hi-rnipphere above the hnrizon, and tt's 
■zia of Iho globe ii to be placed at the aame elevatioii a> tbe axii of 
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K only visiHe wMe in the part ETJW (equal to "WQE). 
A star in XLF is only visible in the portion XLF ahove 
the horizon ; it rises at X, and sets at F. ZTE is a por- 
tion of a Becottdary to the horizon. TK is the altitude 
of the point T, and TZ its zenith distance. PTD is a 
secondary to the eqnator, or a circle of declination, and 
DT the declination of the point T. 

A telescope being directed to any star, and the time 
noted by a clock, if the telescope remain fixed, the 
same star will again pass through it after an interval of 
23'' se™ nearly. And the time of passing over the 
aperture of the telescope being the same to whatever 
part of the star's diurnal path the telescope is directed, 
proves the equable motion in that diurnal path. A 
telescope particularly fitted up, and placed so as to he 
conveniently moved in the plane of the meridian, is of 
as much use in the practice of astronomy as the qua- 
drant : it is called a transit instrument ; its uses will 
be afterwards erplained, as well as the method of find- 
ing the direction of the meridian. 

The time of describing a dinmal circle by a star may 
be nearly ascertained, without a telescope, by suspend- 
ing two plumb lines at two or three feet from each 
other, then observing when the star appears in the plane 
of the strings, noting the time by a clock well regu- 
lated : the same star will pass the plane again after 
23'' 56", An upright wall will seirve for the same pur- 
pose. Vice versd, this method will serve to ascertain 
the rate of going of a clock. It may also he applied t« 
ascertain the time of passage over the meridian, by 
adjusting the plumb lines in the plane of the meridian. 

Secondaries of the eqnator are also called hour circles, 
because the arc of the equator, contained between any 



the coneavfl aurface of the spectator. In (hia w»t all the circles nt 
the cplestial sphere will be easily uiiiiurstood. Any considerstinn of 
ths fomi of the earth is entirety for^iffii lo a knowledge of (he circles 
of the sphere. They vera origiiiallj' invented without any reterencB 
lo or knnwledce of it. 

'' Sach a Btar is called a circumpelaT star. 
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one of those circlea and the meridian, shows the dis- 
tance in time of that body from the meridian, the equa- 
tor being divided into 24 hours. 

9. The meridian also passes through the nadir (the 
lower pole of the horizon). 

Secondaries of the horizon are called vertical eireUi. 
That Tertical circle which interaects the meridian at 
right angles is called the prime vertical. 

It will help the conception of the student to consi- 
der the meridian and other verticals of the horizon as 
remaining at rest, while the sphere rovolveg, canying 
with it the equator and other circles. 

The four point* where the meridian and prime verti- 
cal intersect the horizon, are called the cardinal points ; 
those of the meridian, north and sotrth ; those of the 
prime vertical, east and west. The equator intersects 
the horizon in the east and west points [being poles of 
the meridian), and its inclination to the horizon equals 
the complement of the altitude of the celestial pole ; 
for the inclination at E of the great circles E8 and 
EC is measured by the arc SU, which is equal to PZ, 
since they have the same complement TJZ. The prime 
vertical also intersects the equator at the east and west 
points, and at an angle equal to the altitude of the 
pole, since, if the arc EZ be drawn, the angle ZEU is 
measured by UZ, which is equal to PM", both having 
the same complement PZ, 

The mimuth' of a celestial object is measured by an 
are of the horizon, intercepted between the meridian 
and a vertical circle passing through the object. In 
(Fig. 2) KN is the azimuti of the point T from the 

The altitude of a celestial object T, being its distance 
from the horizon measured on a secondary of the hori- 
zon, is greatest when the object is on the meridian, for 
its zenith distance ZT ia then least, for PZ + ZT is 



■ The complement of Che eiimuth, or the ire Intercepted between 
the prime vertical and tbe Vi:rlical tbnugh the object, is Called lb* 
amplitmU, 
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greater than PT (- PY), consequently ZT is greater 
than ZT ; T denoting the position of the star when on 
the meridian. 

9. The apparent path of the sun traced on the sur- 
face of the celestial sphere, among the fixed stars, ia a 
great circle, which he moves over, in a direction from 
west to east. This circle ia called the ecliptie, because 
eclipses take place when the moon, at the new and 
full, is in or near this circle. The apparent motion of 
the sun, in this circle, is not entirely uniform ; the 
motion being contrary to the diurnal motion, the in- 
terval between two meridian passages of the sun ia 
greater than that of the fixed stars hy four minutes 
nearly. This interval, between two passages of the aun 
over the meridian, is in its mean quantity called 24 hours, 
or a day. In 365 days, 6 hours, and 9 minutes, the 
sun appears to complete the ecliptic. The Beaaons are 
connected with the positions of the ann in the ecliptic. 
The period, therefore, of his motion, called a year, be- 
comes one of the most important divisions of time. 

10. The moon completes her course among the fixed 
stars, by a motion from west to east, in 27 days 7 
honra, returning nearly to the same place. Its appa- 
rent path is nearly a great circle, intersecting the 
ecliptic at an angle of about five degrees. Ite motion 
also being contrary to the diurnal motion, the interval 
between its successive paaaages or transits over the 
meridian is greater than that of the fixed stars by 
52 minutes, in its mean quantity. The moon is said to 
be in opposition to the sun, when near that part of the 
ecliptic opposite to the sun. The interval between two 
oppositions ia nearly 30 days, and at each opposition 
the moon shines with a full phase. The use, in civil 
life, of this striking phenomenon, makes another im- 
portant division of time, which is called a month. 

11. The ecliptic neccsearily intersecta the equator, 
each being a great circle. The angle of intersection is 
nearly 23° 28'. The circumstance of the inclination, 
or obliqitiitf of ths eeliptie to the equator, explains the 
cbeinge of scasona. The true cause of tJie appearance 
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of the obliquity of the ecliptic to the equator, will he 
afterwards shown. If the ecliptic coincided with the 
equator, the sun would always rise and eet in the east 
and west points, would always be at the same altitude 
when on the meridian, and would be absent and pre- 
sent during equal spaces of time, Kow the effect of 
the sun, with respect to heat, depends upon the time 
of his continuance above the horizon, and the greatest 
altitude to which he rises ; therefore, if he mo¥cd in 
the equator, no alteration would take place, because 
these would be the same every day. But the ecliptic 
being inclined to the equator, when the sun is in that 
part which is between our visible pole and the equator, 
the greater part of each of the diurnal circles wMch he 
describes, is above our horizon, i. e, he is more than 
half the 24 hours above the horizon, and he passes the 
■ meridian between the equator and zenith. When 
Bouthward of the equator, he is less than 12 hours 
above the horizon. When he is in the points of inter- 
section of the ecliptic and equator, be is just 12 hours 
above the horizon, and it is then equal day and night. 
This latter circumstance takes place on the 2l6t of 
March and 23rd of September. 

The sun is in that part of the ecliptic nearest our 
visible pole about the 2l8t of June, and then oiir days 
are longest, and in the part farthest from it on the 21st 
of December, when our days are shortest. The sun is 
about eight days longer on the northern side of the 
ecliptic than on the southern, and hence summer is 
eight days longer thMi winter.' The greatest heat is 
not when the days are longest, but some time after, 
because the increase of the heat during the day ia 
greater than the decrease during the night, conse- 
quently heat must accumulate till the Increments and 



• This ftriaes from Ihe fact (to be sfterwaHs explaincrl) t1>flt tha 
•pparent diurnul motion of ttiepun in the ecliptic ie slower in auinmer 
tliBQ in winter, owing Co the distance of the eua from tbe earth being 
tliea gieiter. 
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docremcnts ore eqaal; afterwards the decrease being 
greater ihaa the mcrease, the heat will di mini eh. 

12. The two parallels to the equator, or parallels of 
declination, touching the ecliptic, are called tropie» or 
tropical circUi, because when the aun is in these points 
of the ecliptic, he ttims (TptVei) his course, as it were, 
back again towards the equator. 

The points of the ecliptic of greatest declination, or 
the tropical points, are called aohtice»,^ because the 
sun appears stationary, with respect to his approach to 
the poles. . 

13. A belt or zone extending on each side of the 
ecliptic about 8° is called the sodiae, from certain 
imaginary -forms of animals conceived t» be drawn in 
it, called sifffu of the zodiac. There are twelve signs, 
probably from there being twelve lunations during the 
course of the sun in the ecliptic. These are Aries, Taurus, 
Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, 
Capricomus, Aquarius, and Pisces, ^d denoted by 

T, 'rf, n, 25, SI, *%. ii, m., /, vf, in;, x. 

The reason of distinguishing this space was, because 
the sun and planets were always observed within it. 
These figures served also to distinguish the position of 
the stars with respect to one another, and were therefore 
called the eonstellations of the zodiac. The space of the 
zodiac has always been noticed from the earliest records 
of astronomy. Some of the Asteroids are not confined 
to this space. One of them, Pallas, sometdmes ia 
distant above 62° from the ecliptic, as seen from tho 
earth. 

The first six constellations, beginning with Ariea, 
were on the northern side of the ecliptic, when the 
description of the zodiac was first invented, and the 
six others on the southern. But by a comparison 
of observations made at a considerable interval from 
each other, it is found that the intersections of the 
ecliptic and equator move backward, in respect to 



* DetiTcd [laiD tbe Latin nords loi and ttart, 
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tte signs of the zodiac, the obliquity of the eclip- 
tic remaining nearly the aame. The equator mores 
bn the ecliptic, the ecliptic continuing to pass nearly 
through the same stare. The intersectionB or the equi- 
noctial points TOOTe backward at the rate of 50'1" in 
a year, or 1° in 71^ years, and therefore, at present, 
the constellation ^ries eeems to be moved forward 
nearly 30° from the equinoctial point, yet astrono- 
mers still commence the twelve signs or divisions of 
the ecliptic at the equinoctial point, and name them 
after the constellations of the zodiac. This distinction 
ought to be attended to. 

14. In the practice of astronomy, the most general 
and convenient method of ascertaining the position of 
any celestial object on the concave surface, is to deter- 
mine its position with respect to the equator and ver- 
nal equinoctial point, that is, to determine its decU- 
nation and right asctnsiim. The right ascension of a 
celestial body is the arc of the, equator intercepted 
(reckoning according to the order of the signs), be- 
tween the vernal eqmnoctial point, or the first point of 
Aries, and a secondary to the equator passing through 
the object. This is expressed both in time and apace. 
Thus, if the arc intercepted be 15°, the right ascen- 
sion may be said to be 15° or one hour, supposing the 
equator divided into twenty-four hours. The time <tf 
the diurnal revolution of the fixed stars, or of the celes- 
tial sphere, is called a sidereal day. It is divided into 
twenty-four sidereal hours. It is equivalent to 23 
hours 56 minutes mean solar time. Hence the inter- 
val in sidereal time between the passages of two fixed 
stars over the meridian, is the same as the iiffermes of 
their right asceneions expressed in time. 

The term, right ascension, originally had a reference 
to the rising of the celestial bodies, ifow its use ii 
much more circumscribed, but much more important, 
and therefore it might have been better to have adopted 
another term for expressing the arc intercepted be- 
fween a secondary to the equator passing through the 
celestial ebjeet, and the first point of Aries. 
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15. The position of a celeatial body, with respect to 
the equator, being ascertained, it is very often necessary 
to ascertain its position with respect t<i the ecliptic, i.e. 
to determine its longitvde and latitude. TMs is done 
by spherical trigonometry, thus — 

Let n be the pole of the U 

ecliptic, P the pole of the 
equator, 8 a etar, 7 the in- 
tersection of the equator 
and ecliptic. SL will be the 
star's latitude, 7! its longi- 
tude, 8A the declination, fyA. j 
the right ascension, draw 
the are of a g;reat circle 
78; being given 7A, AS, 
■we can calculate 78 and the 
angle 87 A; also the obli- 
quity of the ecliptic A7L f'g. 3. 
ia known.; hence in the spherieal triangle 87L ire have 
87, and SyL, and therefore 8]j, 7L can be found. 

The longiiitde of a celestial object ie measured by an 
are of the ecliptie, intercepted between the first point 
of Aries (reckoning according to the order of the signs 
of the zodiac) and a secondary to the ecliptic passing 
through the object. Its latitude is its diatanoe from 
the ecliptic, measured on a secondary of the ecliptic 
passing through the object. 

16. The soktitial comr« is a secondary to the equator 
passing through the solstices, and ia therefore also a 
secondary to ttie ecliptic. 

The equinoctial oolure is a secondary to the equator, 
passing through the equinoctial points. 
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CHAPTER II. 



17. Let uh now retom to the consideration of tte 
fixed stars. We observe about 3000 Btars visible to 
tbe naked eye, very irregularly scattered over the 
concave surface of the heavens. There are seldom 
above 2000 visible at once, even on the most starry 
night. They are distin^shed from the planets not 
only by preserving the same relative position to each 
other, but also by a tremulous motion or twinkling in 
their light, apparently arising from the effect of the 
atmosphere on the rays of light passing through it. 

For the conveniency of arranging and referring to 
the different stars, the method of constellations was 
invented by the ancients. They imagined a number of 
personages of their mythology, also animals, &c., drawn 
on the concave surface, and including particular groups 
of stars ; these they called constellations, and denomi- 
nated the stars from the constellation in which they 
were, and from their situation in that constellation. 
This method, though certainly useful, is not adequate 
to the purposes of astronomy in its present state, but 
for many obvious reasons it has been retained. The 
stars do not form the figure of the constellation, ex- 
cept in a few assemblages 'which have a remote resem- 
blance ; such are the Great Bear, the Hyades composing 
the Bull's head, &c. Some of the brighter fixed stars, 
and those more remarkable by their position, had pro- 
per names assigned to them, aa Aictotas, Sirius, Alioth, 
Algol, &o. 
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18. Maorituiies at Staks. — Bayer, who published a 
celestial atlas in the year 1603, much faciliteted the 
MTHn^ement of the fixed starH, by marking those ia each 
constellation by the letters of the Greek alphabet ; their 
order ia the alphabet has, however, no exact relation to 
the brigbtneas of the starB, as was formerly supposed to 
be the case. The stars are also divided according to their 
apptffent brightness into m^piitades. The brightest 
Rre of the first magnitude, and so on to the sixth, the 
least magnitude visible to the naked eye. There are 
thirteen stars of the first magnitude in the portion of 
the concave surface visible to us, viz. : — Aldebaran 
(a Tanri) ; Capella (• Aorigte) ; Bigol (/3 Orionis), 
f« Ononis) ; Sinus (n Canis Majoris) ; Procyon (« 
Canis liinoris) ; Eegulus (a Leonis); Spiea Vii^ia 
(a Virginis) ; Arcturus (a Bootis) ; Antares (a Seorpii) ; 
■ Lyne ; « Aiiuilse ; and Fanmalhaut (o Piscis Austral.). 
lutheremainingportionof the concave surface there are 
six, viz. : — Acbemar (a Eridani) ; Canopus (a Argus) ; 
Argfla (variable) ; a Crucis, a and /3 Centauri. There 
are about 50 of the second magnitude, and about 120 of 
the third magnitude, visible to us. 

By the asastance of telescopes we find that th« 
number of the fixed star« is greater than can be ascer- 
tained; those which are visible to the naked eye being 
incomparably fewer in number than those which are 
visible by the aid of telescopes. The naked eye re- 
marks also a very considerable luminous belt stretch- 
ing over the heavens, almost in a great circle, which 
is called the Milky Way. By the aid of powerful 
telescopes this is found to consist entirely of small 
stars. There are also other small luminous spots — one, 
for instance, is the constellation Cancer, and one in 
Fcrseus, which even smaU telescopes will resolve into 
a mass of small stars. 

The group in Taums, called the Pleiades, in which 
ax or seven stars may be noticed even with the naked 
eye, is found, when examined by the telescope, to 
consist of between 50 and 60 stars ; and the consteHa- 
tion Coma Berenicee is another such gconp, in which, 
c 
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however, the Btara are more scattered- Besides these 
the telescope reTeals a number of small luminoaB and 
nebulouB-looking spots called IN^ebulte. Some of these 
are resolvable by powerful telescopes into a mass of 
densely packed stars, and are called Clusters. 

19. Telescopes, — The theory of telescopes properly 
belongs to the science of optics, and therefore a very 
short account of the effects which they produce, and 
of the improvements that have, from time to time, been 
made in them, is all that is necessary here. 

The use of telescopes is to magnify objects, or to 
present their images under a larger angle than the 
objects themselves subtend; and likewise t« render 
objects visible that would olJierwiBe be invisible. Te- 
lescopes for common astronomical purposes magnify 
from 40 to 200 times, and for particular purposes from 
200 to 1000 and upwards; i.e. objects appear so 
much nearer than when seen by the naked eye, and 
their parts become more visible and distinct. We are 
enabled by a telescope which magnihes 100 times to 
behold the moon the same as we should if placed 100 
times nearer than at present. A telescope magnifying 
a thousand times will exhibit the moon as we should 
behold it could we approach within 240 miles of it. 
Thus, although we cannot actually approach the moon 
at pleasure, we can form an imago of the moon, and 
approach this image at pleasure, and so make the 
image subtend a greater angle than the moon itself. 
We can magnify the image by help of a simple micro- 
scope, as we can magnify any minute object. This 
is the principle of the eommon telescope. The object 
glass forms an image of the moon, and we magnily this 
image by help of the eye glass, whi|jji may be con- 
sidered as a microscope. 

20. Telescopes were accidentally invented at Mid . 
dleburgh, in Holland, about the year 1609. There is 
no foundation for guppodng them known earlier, al- 
though the single lens had been in use for spectacle 
glasses since the beginning of the I4th century. Gali- 
leo, hearing of their effects, soon discovered their con- 
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Btnictian, and applied them to astronoioical purpoees, 
from whence a new ara may be dated in aBtronomy. 
After some trials, Galileo made a telescojne which 
magnified upward <^ 30 times ; and with this instru- 
ment, M> inferior in power to modem telescopes, he 
made most important discoveries. In little more than 
a year he had observed the nebula of Orion, the tele- 
scopic stars in the Pleiades and in Prceeepe ; had diaeo- 
Tered the satellites of Jupiter, very accurately de> 
scribed the face of the moon, and computed the height 
of some lunar mountains, ohserved an extraordinoir 
appearance in Saturn, occasioned by the ring, which 
his telescope could not clearly show, and hud obserred 
phases in Venus similar to the phases of the moon. 

Notwithstanding the importance of the telescope, it 
was bnt slowly improved. Telescopes admitting of a 
high magniiying power were of a very inconvenient 
length. A high magniiying power could not he ob- 
tained by a short telescope, without rendering the image 
indistinct by colour. The ardour and industry of 
the astronomers of the latter end of the 17th century 
overcame this dif&culty, by using telescopes with- 
out tubes. They affixed the object glass to the top of 
B pole, directing it by means of a long string, so as to 
throw the ima.ge into its proper place. Huyghens par- 
ticularly distinguished himself by important discoyeries 
with this inconvenient kind of telescope, which has 
been called the Mrial tdeteops. The discoveries of Sir 
Isaac Newton respecting light induced astronomers 
to desist from endeavouring to improve refracting 
telescopes, and to aim at perfecting reflecting ones. 
Boon idter the discovery of the telescope, it was sug- 
gMted that the image of the object might be formed by 
reflection, instead of refraction ; but, as no particuW 
advantage could be shown to arise front this altera- 
tion, it does not seem to have been attended to, till 
James Gregory proposed the construction of ^ reflect- 
ing telescope, which goes by his name. He intended 
by this conslxuction to obviate the errors of the object 
ghuseea of the common telescope, arising from Uieii 
C2 
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being necessarily ground of a spherical fonn. The 
discoveries of Newton on light eliowed these errors to 
be comparatively of trifling consequence. Newton 
himself, as soon as Ms experiments oa light had shown 
him the true obstacle tfl the improvement of refractiag 
teleseopeB, invented and executed a reflecting telescope, 
which goes by his name. His construction is better 
adapted to many purposes in astronomy than that of 
Gregory, although for common purposes Gregory's 
may be considered most convenient. 

Uany inconveniences attended the construction and 
execution of reflecting telescopes. When made, they 
were liable to tarnish, and to change their figure, 
an. error in which is of much greater consequence than 
in refractors. Thus much fewer advantages were de- 
rived from reflecting telescopes than had been ex- 
pected. And the improvement of telescopes seemed 
at a etand, when, in the year 1767, a discovery of Mr. 
Dolland, an optician in Lond«i, gave hopes of improv- 
ing them far beyond what had been hitherto done. 
He discovered that hy a combination of lenses of flint 
glass and crown glass, he could form an image free 
from colour. This enabled him to make telescopes, 
■ admitting of high magnifying powers, of a very con- 
venient length. These telescopes, called achromatic, 
are now in common use, and fitted to those astrono- 
mical instruments hy which angles are measured. They 
were at first of small dimensions, owing to the difficulty 
of obfainiag large homogeneous discs of flint glass. 
Fraunhofer, of Munich, first succeeded in making them 
of large size ; his first large instrument being ^e ce- 
lebrated 9-inch refractor, made for the Dorpat Obsei'- 
vatory. Stiil larger ones were afterwards made by his 
successors — Merz; Couchoix, in Paris ; Clark, in Ame- 
rica ; Cooke, in York ; and others. The largest re- 
fractor now in use is that made by Clark for the 
Observatory of Chicago, the diameter of the object 
glass of wluch is 18 inches. Another has lately been 
finished by Mr. Cooke of 21 inches diameter. 

21. The reflecting telescopes were fii-st greatly im- 
proved by the elder Hersohel. After repeated attempts 
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he succeeded in making one 20 feet long, and 18 
inohea aperture. The great breadth of the aperture 
increased bo much, 'the brightnesB of the image, that 
he was enabled, with great convenience, to nee very 
high magnifying powers. At last he attempted and 
e^^ecuted one 40 feet in length, and of 4 feet aperture. 
In order to form some idea of the effect of telescopeF, 
when applied to the celestial bodies, it may be remarked 
that the reflector of the 40 feet telescope forma an image 
of the ring of Satum, about Ath of an inch in diameter ; 
we are enabled to magnify this by the eye glass, in the 
same maimer as we can magnify an object fl^th of an 
inch in breadth by a common microscope. This telescope 
has been only surpassed in size by the large reflector of 
6 feet diametor, and 52 feet focal length, constructed 
by the late Earl of Bosse, which is the moat powerful 
instrument in existence. One of the same size aa 
HerBchel's was constructed by Mr. Grubb, of Dublin, 
for the Melbourne Observatory, 

22. The flppeoranoe of the stars seen in a telescope 
is very different irom that of the planets. The latter 
are magnified, and show a visible disc. The stars 
appeeir with an increased lustre ; but with no disc. 
Some of the brighter fixed stars appear most beautiful 
objects, from the vivid light they exhibit. Sir W. Her- 
Bchel tells us, that the brightness of the fixed stara of 
the first magnitude, when seen in his largest telescope, 
ia too great for the eye to hear. "When the star Siriua 
was about to enter the telescope, the light was equal 
to that on the approach of sunrise, and upon entering 
the telescope, the star appeared in all the splendour of 
the rising sun, so that it was impossible to behold it 
without pain to the eye. 

The apparent diameter of a fixed star is only a de- 
ception arising from the imperfections of the telescope, 
The brighter stars appear sometimes in had telescopes 
to subtend an angle of several seconds, and this haa led 
astronomers into mistakes respecting their apparent 
diameters. The more perfect the telescope, the less 
this irradjatiott of light. We know certainly that some 
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of the brighter fixed stars do not sabtend an angle 
of 1", from the circumstance of their instantly disap- 
pearing, on the approach of the dark edge of the moon. 

23. Although the superior light of the snn effaces 
that of the stars, yet hy the assistance of telescopes we 
ean observe the brightest stars at any time of the day. 
The aperture of the telescope collects the light of the 
star, so that the light received by the eye is greater 
than when the eye is unassisted. The darkness in the 
tube of the telescope also in some measure aBsists.' 

The most inferior telescope will discover stars that 
escape the nnassiBted sight. By the telescope we dis- 
cover that the Milky Way, and some of the nehute 
above mentioned, consist of very numerous small stars. 
Others, even in the best telescopes, appear still as 
small luminous clouds. There is a very remarkable 
one in the constoilation of Orion, which the best 
telescopes show as a spot uniformly bright. It is a 
singular and beautiful phenomenon. So great is the 
number of telescopic stars in some parts of the Jlilky 
"Way, that Sir W.Herschel observed 588 stars in his tele- 
scope at the same time, and tiiey continued equally 
numerous for a -quarter of an hour. In a space about 
10 degrees long, and 2\ degrees wide, he computed 
there were 258,000 stars. " Phil. Trans." 1795. 

24. CiTALOBUES. — The most ancient catalogue of the 
fixed stars is that of HipparchuS, who observed at Alex- 



■ It appears by tha principles of oplic*. that whfn an object 
ia seen through a (elagcope, [he densilj- uf the light on (lie reiina 
must be always lesa than vhen the object is sean by the nabed ej-e ; 
but the qnautity of light in the whole image may be much greater 
In therormer case thno in tlie latter. And it 19 certain that out 
power of aeeiug the object with distinctness depends on the qnantity 
ci light in the wbolaimage. Sir W. Herschel, in a ralnable paper in 
the " Phii. Trans." 1800, Part I., on the power of penetrating Into 
space, uses the lermi absoltile in'^hlnai and ialrinn'c biif/htnrsi — 
the former to distinguish the whole rjnaniity of light in the inuge on 
tbe retina, and the latter to distinguish ita deiaity. He gives an in. 
■isnce in which the absolute brightnesa was incieaaed 1500 times ia 
'a than to the naked 
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ftndria, about 150 S. C. His catalogue consists of 1022 
stuB. Although Eereral celebrated astroaomers, aa 
Tycho Brahc, &c., employed themeelTcs in more accu- 
rately observing the places of the fixed stars, yet the 
number was not much increased till the time of Plam- 
stead, whose catalogue, entitled the British Catalogue, ■ 
appeared in 1725, and contains about 3000 stais visible 
to the naked eye. The observation of the places of these 
stars has been since that time the chief business of the 
principal observatories, speciallythat of Greenwich, and, 
they are now known to an extraordinary degree of accu- 
racy. In 1802, M.Delalandc published a work entitled 
Sigtoire celeste Fran^aite, m which are observations of 
5,000 stars, viz., of stars of the 6th magnitude not ob- 
served by Flamstcad, and of telescopic stars of the 7th, 
8th, and 9tb magnitudes. They were mostly observed 
by his nephew, M. Lcfran^ais Delalande. These have 
been followed by the observations of stars in zones made 
by Bessel, and continued by Ajgelander, and at present 
a number of observatories are engaged in re-observing 
all stars in the northern hemisphere almost down to the 
1 0th magnitude, which had been previously mapped and 
catalogued by Argelauder, and whoso number exceeds 
300,000. 

25. DoiTBLE Stabs. — Some stars, appearing single to 
the naked eye when examined with a telescope appear 
double or treble— that is, consisting of two or three • 
stars very close together : such are Castor, a Herculia, 
the Pole Star, &c. Seven hundred, not noticed before, 
have been observed by Sir "W. Herschel ; and since that 
time they have been the special obj ect of some observers 
as Sir John Herschel, and especially the elder Struve, 
who, in his great work, " Men»ured micromeiriea Stella- 
rum Duplieium" gave the accurate measurement of more 
than 3000 double and triple stars. Some of these stars 
show a regular motion round each other, and are called 
binary stars. In viewing those double stars a sin- 
gular phenomenon discovers itself, first noticed by Sir 
W. Herschel — some of the double stars are of different 
colours, which, as the images are so near each other, 
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cannot arise &om any defect in the telescope, a Her- 
oulis is double, the larger red, the smaller blue ; 
• Lyrte is eomposed of four stars, three white, and 
one red ; f Andromedte is douhle, the larger reddish- 
whito, the smaller a fine sky bine. Some single 
stars evidently differ in their colour. Aidebaran is red, 
SiriuB brilliant ■white. These double stars form also 
very good objects for testing the goodness of tele^ 
scopes, for if the instrument do not give a well-defined 
image those stars will appear as one. 

26. New Siaes. — From observations at different pe- 
riods, it appears considerable changes have taken place 
among the fixed Btai«. Stars have disappeared, and new 
ones hare appeared. The most remarkable new star 
recorded in history was that which appeared in 1572, in 
the Chair of CassiopKa. It was for a time brighter than 
Tenns, and then seen at mid-day : it gradually di- 
minished in lustre, and after sixteen months disap- 
peared. Cornelius Gemma viewed that part of the hea- 
Tens on November 8, 1572, the sky being very clear, and 
saw it not. The next night it appeared with a splendour 
exceeding all the fixed stars, and scarcely less bright 
than Tenus. Its colour was at first white and splen- 
did, afterwards yellow; and in March, 1573, red and 
fiery like Mars or Aidebaran ; iu ilay of a pale livid 
colour, and then became fainter and ialnter till it 
• vanished. 

Another now star, little less remarkable, appeared in 
October, 1604. It exceeded every fixed star in bright- 
ness, and even appeared larger than Jupiter. £epler 
wrote a dissertation upon it. 

In our own time, on the 12th of May, 1866, anew 
star was suddenly observed in the constellation Corona, 
as bright as a Coronie or Gemma ; that is, of the second 
magnitude. This star, after its place had been care- 
fully determined, was found to be not a new star, but 
a fixed star, which was put down in Argelandcc's 
Catalogue as between the 9th and 10th magnitude, and 
which had suddealy thus increased in brightness. The 
■tar diminished very rapidly in a few days in bright- 
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HesB, and by the end of June was again of its nsnal 
magnitude (9'd). Sinc« then it has remained so with 
only very alight Tariations. Tha observations made on 
this star during his short bright period, have enabled 
Bstrouomers to discover the cause of this sudden out- 
burst of light, which undoubtedly was tlie same in the 
case of the stars mentioned ^before. We shall refer to 
these observations hcrafter. 

Changes hare also taken place in the Inetre of the 
permanent stars ; fi Aquilee is now considerably less 
bright than 7. A small star sear £ Ursce Majoiis is now 
probably more bright than formerly, from the circum- 
stance of its being named Alcor, an Arabic word which 
imports sharp-sightedness in the person who coidd see 
it. It is now very visible, 

27, Periodical Staks. — Several Btara also chai^ 
their lustre periodically ; o Ceti, in a period of 333 days, 
varies from the 2iid to the 6th magnitude. The most 
etrikiug of all is Algol or fi Persei, Mr. Goodricke has 
with great care determined, its periodical variations. It 
is, when brightest, of the 2nd, and when least, ofthe4th 
magnitude ; its period is only 2'' 21" ; it changes from 
the second to the fourth magnitude in 3^ hours, and back 
again in the same time, and so remains for the rest of 
the 2'' ZV". Besides titese, the most remarkable pe- 
riodical stars are — fi Lyne, which has a period of 
12'' 22'', in which a double maximum and minimum 
occurs, the two maxima being nearly e^nal, while 
the minima are exceedingly unequal ; S Cygni, y Ar- 
giis in the southern hemisphere, &c. Argelander, 
of Bonn, has devoted special attention to this subject ; 
and it is chiefly owing to his discoveries, and those 
of his pupils, that the number of stars known to be 
periodical has been greatly increased. 

28. Nbbcle.- — ^The numberofnebulEe is very remark- 
able. The number known before Sir W. Herschel's time 
wasonly103, contained in Messier'sCatalogne; but he 
discovered with his large telescope about 2000. Their 
number was still feither increased by Sir John Her- 
Bchel, who went to the Cape of Qood Hope to observe 
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tte nebulae and doable stars in the southern homi- 
Bphere, and by others; and the number of nebulte 
given in Sir John Herschers Catalogue, extending 
over the entire hemisphere, is above 4000. The great 
majority of these can be seen only through powerful 
telescopes. J'hese nebulte are not evenly distributed, 
the hours, 3, 4, 5, and 16, 17, 18, of right aseension 
in the northern hemisphere being very poor, while the 
boors 10, II, 12, specially the last, are exceedingly 
rich in them. The apparent forms and the charaeter 
of these nebulte are very varied. "We may, however, 
divide them into several distinct classes: — 1°. Clusters, 
in which the component stars arc clearly distinguish- 
able, and which are cither globular and dense, as the 
cluster between rj and f Herculis, or irregular and less. 
defined in outline, as the one surrounding the star « 
Crucia, consisting of about 110 stars from the 7th 
magnitude downwards, some of which display beauti- 
fully rich colours. 2°. Resolvable nebulte, or such as 
excite suspicion that they consist of stars, and may be 
resolved with more powerful telescopes. 3°. Nebulte, 
properly so called, in which there is no appearance 
whatsoever of stars. As all the globular clusters ap- 
pear in small telescopes like nebulte of the second class, 
BO also many which hitherto have been considered 
to be real nebulfe would belong to the second class, 
if viewed through more powerful telescopes. Lord 
Rosse'a telescope has resolved many which had re- 
sisted all inferior instruments. 4°. Planetary nebulte, 
■0 called from their perfect resemblance to planetary 
discs, without any central condensation. These are 
round or oval, in some instaacps sharply defined, in 
others a little hazy at the borders. 'J'he largest of 
these Is in the Great Bear, having an apparent dia- 
meter of 2' 40". 5°. Nebulous stars, which are stars 
surrounded by a nebula which is often perfectly round, 
the star standing in the centre. 

The forms of the nebulse of the second and third 
classes are exceedingly varied. Besides ronad nebulffl 
condensed towards the centre, which probably are only 
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distant globalar clusters, and vliich in eome instanoea 
are even double, the perfect counterpart of a double star, 
■we have found them elliptical, more or less elongated, 
'J'he best speciraen of this kind is in the girdle of 
Andromeda, ■which is vieihle to the naked eye. Among 
the annular nebula; the most remarkable is that half- 
vray between j8 and 7 Ljrte, whick can be aeen with 
telescopes of moderate powers ; but is resolved into a 
mass of minute clustering stars by LordKosse's telescope. 
The spiral nebulse are a very remarkable class, disco- 
vered first by Lord Kosae. The moat remarkable of 
these is that which was first discovered (51 in Messier's 
Catalogue). It had been described by Sir W. Her- 
flchel as a globular nebula, surrounded by a ring at a con- 
siderabJe distance from the globe, which is subdivided 
into two laminte at one part of the circumference. 
The powerful telescope of Lord Eosse shows it to con- 
sist of several convolutions of a spiral starting from a 
commoa centre, and a smaller companion connected 
with the spiral branches. 

The most conspicuous of the nebulse, of great extent, 
■without any symmetry of form, is the great nebula in 
the sword handle of Oriou. The brightest portion of 
this offers a resemblance to the open jaws of an animal 
with a kind of proboscis. Many stars are seen scat- 
tered over it. The bright star called 9, when seen 
throngb a telescope, conslBts of four bright remarkable 
stars, forming a trapezium, two of which, however, are 
close double stars. They occupy a conspicuous situa- 
tion, close to the brightest portion of the nebula, but 
no nebula exists within the area of the trapezium. 

The brightest portion of the nebula, when seen 
through Lord liosse's telescope, has the appearance of 
consisting of clustering stars. The most perfect map of 
this nebula was published by the present Lord Rosse. 
Other remarkable nebula; of this class are that sur- 
rounding 7 ArgQs, in which great changes seem to 
have taken place since the time of observation by Sir 
John Herachel, and the Magellanic clouds, or Nube- 
cula Major and Minor, the former of which occupies 

L;3.i:-:ij,XAK>t;k 



28 JElements of Astronomy. [chap. h. 

an area of 42 square degrees, the latter of ten aqnare 
degrees. They consist of large patctes of nebulous 
matter, in all stages of resolution, and of iiresolvablo 
niatt«r, and besides many regular and irregular clus- 
ters and nebulte, of wMch 278 may be counted in 
Kubecula M!ajor alone. 

29. Having given a short statement of the simple 
appearances of these bodies placed on the concave 
Burface of the heavens, ■which are such, that they must 
strongly excit* our curiosity ; we may now leave the 
subject, and resume it after having stated the know- 
ledge that observations and deductions from thence 
aiford us, respeetuig the magnitudes, distances, and 
motions of the sun, moon, and planets. Then return- 
ing again to t)ie consideration of the fixed stars, and 
assigning them their proper places in the universe, ws 
shall discover what must fill our minds with astonish- 
ment atid awe, and must raise in us the greatest admira- 
tion of the Almighty Creator. That which has hitherto 
been stated regards only what a spectator fixed to 
one spot might discover. It is only by a change of 
place, or by comparing the observations made at places 
distant from each other, that we can readily arrive at 
a knowledge of the real distances and real motiona of 
the celestial bodies. An isolated observer, however he 
might be gratified by the spectacle of the heavens on 
a fine evening, would be able to discover iittle of that 
which, when the true circumBtanees are known, adds so 
much to the wonderful variety of the Creator's power 
which we observe in terrestrial matters. He would only 
barely discover that the sun, moon, and planets were at 
different distances from the earth. Ho would also be 
able to form hypotheses t» explain their motions, but 
few of those would he be enabled to submit to the test of 
experience. Previously to this it would be necessary 
to investigate the figure and dimcnsionB of the earth 
upon which he lives. This knowledge is obtained from 
the phenomena which arise &om a change of place. 
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SO. A BPECiATOR without chaogmg Hb situation on 

tbe earth, would soon discover that the celestial bodies 
are not all placed on the concave anrfaee at Jix«d 
distances from him ; for he would remark that the aim, 
moon, and planets varied their apparent magnitudes or 
diameters, which must arise either &om changes of dis- 
tance, or changes in the actual magnitudes of the bodies. 
The former solution is so much simpler than the latter, 
that no one could hesitate in adopting it, even if not con- 
firmed by other cironmstances. Likewise that the hea- 
venly bodies are not placed at eqaal distances from him. 
It was remarked that the apparent paths of the sun and 
moon intersected each other. When they appear to meet 
at theso intersectioas, the moon is observed to obseura 
or eclipse the sun, consequently the moon must bo 
nearer than the sun. Bat to proceed in the investiga- 
tion of these distances, it will, as was observed, be ne- 
cessary to become acquainted with the form of the 
earth on which we live. 

31. A spectator placed on the aea, or on a plain, 
There his view is unobstructed, at first considers the 
surface as a plane coinciding with his horizon, and 
extended to the concave surface of the celestial sphere. 
But it is immediately suggested to him, that the surface 
of the earth is not fiat or coincident with his horizon, 
for on the sea he perceives the tops of the masts to dis- 
appear last, and on the plain he observes the tops of 
distant objects, .when the bottoms are invisible. Thia 
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cannot be explained otberwise than by a curvature 
on the earth's surface. The voyages of modem navi- 
gators have pat this matter in the cteoreBt light ; for, 
liy continued sailing Ui the eastward or westward, 
they have arrived again at the port from which they 
Bet out. This has been done in different courses on 
the surface, so that thereby traversing the earth, they 
have ascertained its surface to be a curved surface 
returning into itself. Eclipses of the moon serve to 
point out that the figure of the earth must be nearly 
spherical, for the boundary of the earth's shadow seen 
on the moon always appears circnlar, which could not 
ehoofft be the case, unless the earth were nearly a 
sphere. Again, the tops of mountains are seen from a 
djBt:mce when their bases are invisible, and the sun 
can be seen by a spectator at a great altitude, after 
he has set to the inhabitanta of a place at the level 
of the sea. 

■ 32. The magnitude of the earth is next to be con- 
sidered ; previously to which it is necessary to remark, 
that however distant two places on the earth's surface 
ore, the angular distances of the same stars visible in 
each place are precisely the same ; from whence it 
foUows, that the distances of the fixed stars are so 
great, that each inhabitant of the earth, in resjKiCt to 
them, considers himself in the centre of the same imagi- 
nary sphere ; or that all lines drawn from the different 
points of the surface of the earth to any star, may be 
considered as parallel ; for the inclination of the lines 
drawn from any two places towards the same star, 
is less than can be measured, and therefore for all pur- 
poses they must be considered as parallel. 

83, Every spectator also observes the same celestial 
pole and equator, that is, situate the same with respect 
to the fixed stars ; but the situation of the celestial 
circles with respect to the horizon will bo different. 
The meridian altitades of the celestial objects will be 
different in different places, and the altitude oftibe 
north celestial pole will be increased or diminished, 
according as an observer travela north or Bouth. 
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Actual meaaureioeiit showB, that the space gone oTer in 
a dirROtion north or sonth, is very Eearly proportional to 
the variation of the altitude of the celestial pole. Mea- 
Bureraente showing thie have hcen made in Lapland, 
England, Germany, France, Italy, at the Cape of Good 
Hope, Hindostan, and in North and South America. 

34. From hence it is proved that the earth is nearly 
a sphere, by which is explained the phenomenon of the 
variation of altitude of the pole, hein;; proportional to 
the space gone over in a direction north or south. 

Theoeem. — Iftke earth bt a sphere, and consequently 
the meridian a circle, the change in the altitude of tht 
pole will be proportional to the space gone over north or 
toath. For let the circle LCS (Fig. 4) represent a 
circle of the earth, 
on the plane of a 
celestial meridian, 
Lit. a Bcction of the 
horizon of the plac« 
L, SO of the place 
8. LP and SP' lines 
drawn in the di- 
rection of the celes- 
tial pole, which are 
therefore parallel 

(Art. 32 and 33). _. . 

ProduceOStomeot ^^- 

LE and LP, in H and B, therefore P'SO (= PBH = BLH 
+ BHL) = BLH + LC8. (Since the quadrilateral LHCS 
is circumscribable by a circle.) But LCS varies as L8, 
consequently the difference of the elevatione of the 
pole at L and 8 varies as LS. Experiment showing this 
to be nearly so, it follows that the earth is nearly a 
Sphere, since it may bo shown by the Integral Calculofl 
that no other curved surface possesses this property. 
It is also proved by navigators, in distant voyages, 
making their computations of the distances sailed, upon 
the supposition that the earth is a sphere, the results 
of which nearly agree with the distances ascertained 
by the rate of sailing deduced by the log line. 
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35, The measure of a degree on the earth's eurface 
is* 69j BritiBh mileB nearly, that is, if the difference of 
PLR and FSO Iw V, the distance LS = 69i miles, 
and therefore 360° or the circumference of the earth ™ 
25000mile8 nearly (24,8S7-5mile8 exactly). Hence the 
diameter, which is somewhat less than \ of the circum- 
ference = 8000 miles nearly (the equatorial diameter is 
exactly 7, 926-708 miles). A Tast magnitude, when 
measured hy our ideas, but almost nothing when com- 

■ pared with other hodies, the existence of which in 
the universe we are enabled te ascertain. 

36. It cannot now be determined how long the know- 
ledge of the spherical figure of the earth has existed, 
but just ideas of it were early entertained. Above 
2000 years ago it was commonly known among astro- 
nomers. Indeed it must have been discovered in the 
very infancy of astronomy. It plainly appeared that 
the eclipses of the moon were occasioned by the inter- 
vention of the earth, and the termination of the sha- 
dow must soon have pointed out to them the form 
of the earth. The measure given by Aristotle ia the 
earliest upon record, who reports it &om more ancient 
authors. Eratosthenes, who observed at Alexandria, 
and died 194 B. C, made use of a method for measuring 
the earth susceptible of great accuracy." llie result 



* The method afmeuuring ■ degrea U atl«rwardi exptaincd ia 
the«pplic«iion of •sln.nomj' to geograpliy, by iiliich it is found Ibut 
the esrtli ii not BiBctly > iphers, but an ellipaoid of revolution, iu 
equatorial diameter lidng nearly 27 milea longer Ifain (lie polar, 
■L-conlirg lo the laleBt rnulla. Tlie equatorial iliamgter being 
7936'70S milea, and tbe polar .liameler 7e99'75G miles, tha diOer- 
cnce being ZG'9fi3 oillea, and the ratio of thii difference to the 
equatoiial dirnnfter or elliplicity of tbe tartli, |g ^J.^ A degree at 
tbe equator measures 68-7U3 milea, and at ibe pole 69-399. 

^ H« knew tlial at Syene (now Aseouan) tbe aun was vertical at 
noon on Ibe summer aolstice ; wblle al Al^andria al the lame mo- 
ment it wail below tlie aealth b; the (iftletb part of ibe circunirer- 
enee of a circle (7' 4!'). Tbe two place! differ in longitud'! by only 
2°. AsenmiuK Ibat the sun Ii >o diatant that linee drawn lo it fiixa 
tbe centre and the surface of tite earth are parallel, tbe distance from 
gjene to Alexandria (AOOO itai^) utonld be tbe fiftieth part of Um 
dcGumferensa of tbe eutll. 
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of his measurement has come down to us ; but from 
the uncertainty of the length of the stadium used, it 
has been auppoeed that we are unabl^ now to appre- 
ciate the accuracy of the ancient measurements. 

Although the spherical figure of the earth was uni- 
versally acknowledged among the astronomers, yet the 
existence of antipodes was long denied. 

36. That diameter of the earth, which is parallel to 
the imaginary celestial axis, is called the axis of the 
eftrth, and this is properly so called, because, as will be 
shown, the earth actually turns upon this axis, there- 
by causing the apparent diurnal motion of the coucave 
surface. 

The great circle of the earth, the plane of which is 
perpendicular to its axis, is called the terreatrial equator, 
If tiie plane of this circle be produced to cut the hea- 
vens, it will intersect the celestial sphere in the ceUs- 
tial equator. Circles are also conceived to be drawn 
on the earth, corresponding to the imaginary circles 
in the heavens. The secondary of the terrestrial equa- 
tor passing through any place, is called terrsitrial 
meridian of that place. The arc of the meridian inter- 
cepted between the place and the equator, is called the 
latitude of the place, and the arc of the equator inter- 
cepted between the meridian of any place and some 
one given meridian, is called the longitude of that place, 
and is reckoned 180° to the eastward or westward. 

37. The British reckon their longitudes from the 
Observatory of Greenwich ; the French from Paris, &c. 
"When the Canary Islands were the most westerly lands 
known, the longitude was reckoned from the meridian . 
of Ferro, one of those islands. The use of the latitude 
and longitude in fixing the position of a place on the 
sur&ce of the eariih, was introduced by Hipparchus. 

It may be remarked here that the progress of astro- 
nomy was from the celestial circles to terrestrial, and 
not the contrary. 

38. By passing to the southward of the terrestrial 
equator, we are enabled to behold the part of the 
celestial sphere near the south pole, which is invisible 

B 
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to UB the inhabittmts of the northern bemiaphere. The 

etara near the south pole have been divided into con- 

^.Ktellations. Dr. Halley, De La Caille, and Sir J. Her- 

V. Bchel, went to the Cape of Good Hope, for the express 

purpose of observing the southern hemisphere. 

39. The knowledge of the spherical figure of the 
erirth enables U8 readily to determine the position of 
the circles of the sphere, with respect to the horizon 
of any place, the latitude of which is known. For, 

TKe altitude ef the csle»tialpole at any place, is equfil 
to the latitude of that place. 

Let N8LE and TLH (Fig. 4, page 31) bo sections of 
the earth and horizon, in the planeof the meridian of the 
place L. LP the direction of the celestial pole, parallel 
to the asis CN. CE the terrestrial equator. Then 
PLC=KCL, and therefore taking from each a tight 
angle, PLIt=ECL, the latitude of the place L. Art. 36. 

40. Hence it will be easy to underatand the changes 
of seasons over the whole earth. Biit it is necessary 
to premise that all observers, who observe the sun at 
the same instant, refer it nearly \a tte same place in 
the celestial sphere. It will be shown hereafter that 
the greatest difference of place is 17", and therefore 
we may consider the sun as appearing to describe the 
same great circle t« all the inhabitants of the earth. 

The reader should also bear in mind that the celes- 
tial sphere, and the earth, are concentric, and that the 
terrestiial horizon is a tangent plane to the earth's 
surface at the place of observation, which, when inde- 
finitely extended BO as to intersect the heavens, will 
cut the celestial sphere in the celestial horizon ; the 
radius of the earth is so small compared with the dis- 
tances of the heavenly bodies, that this tangent plane 
may be supposed to pass through the common centre 
of the earth and heavens, and hence the heavenly 
horizon win bo a great circle. 

41. In all places having north latitude, the por- 
tion of the northern parallels of declination above 
the horizon will be greater than those below the hori- 
Eoa, and consequently when the sun is on the northern 
side of the celestial equator, the days will be longer 



I 
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than the aighte, since the aun's apparent diurnal mo- 
tipii is in a amaU circle parallel to the equator; the 
portioEB of the southem circles of declinatioii above thu 
horizon will be less than those below it, and therefore 
when the sun is on the southern ride of the celestial 
equator, the days will be shorter than the nights. 
The contrary will take place in southern latitudes. 

Eor all places, except at the equator and poles, the 
sphere (reference being had to the poflition of the pa- 
rallels of declination, with respect to the horizon) is 
called an ohUque sphere, and the aim, moon, and stars 
rise and set at oblique angles to the horizon. 

42, At the equator the celestial poles are in the 
horizon, and hence the celestial equator and parallels 
of declination are all perpendicular to the horizon, and 
are bisected by it, and therefore at the equator all the 
heavenly bodies appear and disappear during equal 
times, and their motions at rising and setting will be 
at right angles to the horizon. This position of the 
sphere is called a right spher». 

43. At the terrestrial poles, the celestial poles ap- 
pear in the zenith, and the celestial equator coincides 
with the horizon ; the parallels of declination are 
parallels to the horizon. At the north pote the 
southern parallels of declination are invisible, there- 
fore the sun is there invisible during six months. 
This position of the sphere is called a paralkl spAwe. 

The circum- 
stances mention- 
ed in the three 
last articles fol- 
low from Art. 39. 
(Fig. 5) will il- " 
lustrate what has 
been said of an 
oblique sphere ; 
(Fig. 6) of aright 
sphere ;and(Fig. 
7) of a parallel 
sphere. i» these 

j>2 .X'.oo<i\ii 
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figures 3 and K represent tlie polea, EQ the equator, 
HO the homon, and Dd, Dd parallela of declination. i 
The sphere i" - ' 




them latitude, 
the northern pa- 
rallel of declina- 
tion, which is 
23i° from the 
equator, ■will just 
touch tiie hori- 
zon ; hence aa the £] 
sun in his diurnal 
motion descnhes 
this parallel at 
the ^mmer sol- 
eticc, the inha- 
bitants of places 
that have 664-° ^'s- ?■ 

north latitude will then ohsen'e the sun during" 24 
hours. The same takes place at the winter solstice for 
places having 66^° southern lat. 

45, The ancients divided the glohe into five princi- 
pal zones. The zone 23j° and 66^"" on each side of 
the equator, is called the torrid zone. The sun is 
always vertical to some place in this zone. The two 
zones between lat. 23J° and 66^° are called Umperate 
tonea the two zones about the poles are called the 
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frigid tone». The parallel of latitude boundbig the 
nortliem frigid zone is called the aretic circle, bikI that 
bounding the southern, the antarctic. 

The parallel separatiiig the tflrrid zone and northern 
temperate tone, is called the northern tropical circle ; 
the sun, when in the beginning of Cancer, is vertical 
to thia circle. The parallel aeparating the Bouthem 
temperate zone from the torrid lone, is called the 
Bouthem tropic ; the sun vhen in the beginning of 
Capricorn ia vertical to this. 

The ancients also divided the globe into zones, the 
middle of each zone differing half an hour in the 
length of their longest day. From the small extent 
of their knowledge of the surface of the earth, they 
imagined that places in the same zone, which they 
called climate, differed little in temperature. If bo, 
many parts of Siberia ought to be of the same tempe- 
rature as Ireland: hence the propriety of disusing the 
division of the globe into climatee. 
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CHAPTER rV. 



46. As connected with the earth, we may here con- 
sider its atmosphere, and how it affects the apparent 
plaeea of the heavenly bodies. We know, from the 
science of Hydrostatics, that the air surrounding tbe 
earth is an elastic fluid, the density of which is nearly 
proportional to the compressing force, or the weight of 
the incumbent air. Whence it follows that the density 
continually decreases, and at a few miles high becomes 
very small. Now a ray of light passing ont of a rarer 
medium into a denser, is always bent out of its course 
toward the perpendicular to the surface, on which the 
ray is incident. Consequently, since the atmosphere 
consists of a series of concentric strata of air of con> 
tinually deeroasing density from the earth's surface up- 
wards, it follows that a ray of light must be eontitmatly 
bent in its course through the atmosphere, and de- 
scribe a curve, the tangent to which curre, at the 
surface of the earth, is the direction in which the celes- 
tial object appears. Consequently, since this tangent 
points upwards from the real place of the star, the ap- 
parent altitude is always greater than the true, the azi- 
muth remaining the same. 

47. The refraction or deviation is greater, the greater 
the angle of incidence, and therefore greatest when tbe 
object is in the horizon. The horizontal refraction is 
abont 35'. At 45° altitude, in its mean quantity, it 
is 57J". 

48. The refraction is affected by the Tariation of the 
quantity or weight of the snperincnmbent atmosphere 
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at a given place, and also by its temperature. In com- 
puting the quantity of refraction, the height of the 
barometer and thermometer must be noted. The quan- 
tity of refraction at the same zenith distance ■varies 
nearly as the height of the barometer, the temperature 
remaining constant. The effect of a variation of tem- 
perature IB to diminish the quantity of refraction about 
^Agth part for every increase of one degree in the height 
ot the thermometer. Therefore, in all accurate obser- 
Tations of altitude or zenith distances, the height of 
the barometer and thermometer must be attended to.' 

The liw of atmospheric refraction is found in this 
manner to be as follows : — The refraction varies as the 
tangent of the zenith distance, or is equal to a constant 
quantity (the coefficient of refraction) multiplied by 
the tangent of the zenith distance.* 

Por altitudes above 10°, . . 

we may consider the reftac- 
tion to he the same as if it 
took place at a single sur- 
ftice of a epherieal shell of 
air of unifonn density, con ■ 
centric with the earth. (Pig. 
8), Let 80 be the diteotibn 
of the ray light coming &om 
iho star 8, and faUicg on ^ 
external surface of the at- / 
mDBphere at 0, it ia bent I 
in the direction OH, and \ 
reaches the eye at H. The 
star ' is elevated tj)ward9 
the zenith Z, through the 
angle SOS' = SOZ - HOC 
(since HOC = S'OZ). Fig. 9. 




■Theory sbows that, whsreFBr bathe law ot chang* of deniity, Ibe 
irislion of refriclinniaaB Iha tangent ot the zenith dietanie, between 
leienithand about 74" leniih dielanca. At greater zeniih distances 
re cannot apply theory to obtain the variation of refraction, becsnn 
lera Che variation of the deaaity of tlie air at diflennt lieighla will 
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jS'ow, by tte laws of optioB, Bin SOZ=/» Ean COH, 
(iu being the index of refractioii, a constant quantity) 
.■. Bin (SOS' + S'OZ) - ;. Bin S'OZ .-. Bin SOS' cob 
S'OZ + cos 80S' sin S'OZ - /t sin S'OZ ; but 808 Ib 
so small that ite cosine = 1, and its sine nearly equals 
80S' .-. S'OS. COB SOZ' + Bin S'OZ = ^ sin S'OZ, or 
SOS' = (;. - 1) tan S'OZ. 

49. The coefficient of refraction may be found by ob- 
serving the greatest and least altitudes of a circumpolar 
star. The sum of these observed altitudes diminished 
by the sum of the refractions corresponding to each 
altitude, \s equal to twice the altitude of the pole, since 
the star appears to describe a smali circle round the pole ; 
then (see Fig. 5, page 351 Op + Cy = 20N, since TSp = 
Np'. Fromwhence(if the altitude of the pole be otherwise 
known) ,the Bum of the refractions will be had; and from 
the law of variation of refraction, known by theory, the 
proper reiraction to each altitude may be assigned. 
Thus, if Z and Z' be the corresponding zenith distances 
{(90° - Z) - K tan. Z| + {(90" - Z') - K tan Z'j 
= 2 latitude .-. E (the ooeffioient of re&action) - 
18Q°-(Z + Z' + 2Iat.> . 
tan Z + tan Z' 
50. Otherwiae, when the height of the pole is not 
known, the ingenious method of Dr. Bradley may he 
followed, who observed the zenith distances of the sun at 
the summer and winter soUticee (the sum of which 
equals twice the latitude), and the zenith distances of 



Bcnsibly aflect tlia qnanlity of refraction, uid tba law of this vari^ 

''Thai refraction ii increapcd as we approach the horiion, and il 
proportional to tbe tangent of Ibe senilh distance, may be proved in 
a different way, thus : r— =• ;i ; (9 is the angle of Incidence, f 



angle of refraction) .*. - 



»ine-,rin» _j^, tanjfft-tf) _ 
■ iln e + ain # ft + 1 tan J (fl + ^) " 
I'ontlant. .'. aince 1(6 + ^) may be taken tobt 6, because (d- f) 
in smalt ; tan i (S - f ) ia proportional to tan S, or Ibe lefractioD ia 
proportions! to tbe langeot oftha zenith disiaace. 
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the pole star above and below the pole (the Bum of 
which equals twice the oolatitade of the place). The 
Bum of these four quaatitiea must be 1 80° diminiBhed 
by the sum of the four refractions, since the sum 
of the real zenith diatancea unaffected bj re&action 
should be 180°; hence he obtained the sum of the 
four refractions, and then by theory apportioned the 
proper quantity of refraction to each zenith distance. 
In. this manner he constructed his table of refrac- 
tions. Thus let the zenith distances of the sun be 
Z and Z; and of the star ^ and ^, then we have (Z + K 
tan Z) + (Z' + K tan Z') + (f + K tan {:) + (f + K 
tan f) = 180°; solving for K, the only unknown quan- 
tity in this equation, we have the coefficient of refraction. 

51. The ancients made no allowance for refraction, 
although it was in some measure known to Ptolemy, 
who lived in the second century. He remarks a diffe- 
rence in the times of rising and setting of the stars 
in different states of the atmosphere. This however 
only shows that he was acquainted with a variation of 
refraction, and not with the quantity of refraction itself. 
Alhazen, a Saracen astronomer of Spain, in the ninth 
century, first observed the different effects of refraction 
on the height of the same star above and below the 
pole. Tycho Brahe, in the eisteenth century, first con- 
structed a table of refrnctions. This was a very imper- 
fect one. 

52. As the atmosphere refracts light, it also r»Jhet» 
it, which is the cause of a considerable portion of the 
daylight we enjoy. After sun-set also the atmosphere 
r^et» to us the light of the sun, and prevents us from 
being plunged into instant darkness, upon the first ab- 
sence of the sun, just as in mountainous coimtries the 
sun's rays are reflected frxim the tops of the mountains 
into the valleys, before sun-rise and after sun-set, as it 
is seen from the valleys or adjacent plains. The inhabit- 
ants thus receive the light of the sun after he has dis- 
appeared below the horizon. Eepcated observations 
show that we enjoy some twilight, till the ran has de- 
scended 18° below the horizon. From whence it has 
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been attempted to compute the height of the atmoephere, 
capable of reflecting rays of the sua sufficient to reach 
us ; but there ia much ancertaiuty in the matter. If 
the raya come to ub after one reflection, they are 
reflected from a height of about 40 railea ; if after two, 
or three, or four, the heights will he twelve, five, and 
three miles. 

53. The duration of twilight depends upon the lati- 
tude of the place and deoliuation of the aun. . The sun's 
depression being 1 8° at the end of twilight, we are given 
the three sides of a spherical triangle, of which the 
angular points are the zenith, the pole, and the sun, 
to find an angle ; Vvz., wo are given the sun'e zenith 
distance (90° + 18°), the polar distance, and the com- 
plement of latitude, to find the hoiir angle from 
noon, at which twilight bcgine. At and near tho 
equator, the twilight is always short, the parallels 
of declination being nearly at right angles to the ho- 
rizon, consequently the sun traverses the space be- 
tween the horizon and a parallel to the horizon 18° 
below it, in the shortest line between these circles; 
in feet, ibis space is described in an hour and twelve 
minutes. At the poles the twilight lasts for several 
months; at the north pole from 25th January to 20th 
March. When the difference between the sun's polar 
distance and the latitude is less than 10°, the twilight 
lasts all night, since the sun in describing the small 
circle of declination never descends 18° below the hori- 
zon during the whole of the twenty-four hours. 

54. Eefrnction is the cause of the oval figures which 
the sun and moon exhibit, when near tlie horizon. The 
upper limb is less refracted than the lower, by nearly 
flve minutes, or ^ of the whole diameter, while the dia- 
meter parallel to the horizon remains the same.' The 

■ Thus, when the san's apparent diaraeier ii 32', if the true z«nilh 
dlalanca of the upper limb be 84*28', it will be raised throogh B'le", 
and the true zenitb diitauce of the lower limb being thtn 86', it viil 
be railed through 9'46", or 1' more thin tba nppei limb, ao that In 
thit «aH the veitical diameter vrill appear to be oalf SI', irhlle the 
horiiouta] remaina S2'. 
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rays from objects id the horizon pass through a greatfr 
apace of a denser atmosphere than those in the zenith, 
hence they must appear less hright. According to 
Bougier, who made majiy experiments on light, they 
are 1300 times fainter, whence it is not surprising that 
we can look upon the sun in the horizon without injur- 
ing the sight. 

S5. Another striking phenomenon respecting the sun 
and moon in the horizon must not he entirely passed 
over, although rather belonging to the science of Optics, 
viz., their great apparent magnitudes. The cause of this, 
undoubtedly, is the wrong judgment we form of their 
distances then, compared with their distances when 
their altitudes are greater. In estimating their dis- 
tances when in the horizon, we are led to judge them 
greater than when considerably elevated, partly fVom 
Wie number of intervening objects, and partly from the 
diminished brightness. The apparent diameters being 
nearly the same in both cases, we are apt to judge 
that pbjeet largest, the distance of which we conceive 
greatest This explanation ia a very old one, being 

S'ven by Alhazen in the ninth century. Roger Bacon, 
epier, Des Garixs, and others also, were of the samo 
opinion. 

The foUotcing Table gives the Average Amount of 
Refraction for different Altitudes. 
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MicBounERa — DiAM?TGBa and sibtajTces of the SDlf, 

HOOK, ANB PLANETS SPOTS Olf THE SUN AMD PLANKTS 

ROTATIOIf OE THE BDM AlfD PLiNBTB — HiaNITDDBH OF 
THE 8U1T, JCOON, AlTD PLUTKTS. 

56. HATnto- attained to the knowledge of the magni- 
tude and figure of the earth, ve are enabled \a extend 
our inquiries to the magnitudee and distances of the 
sun, moDD, and planets. The present improved state of 
astronomical instruments furnishes means of making 
obaerTations, by which we can obtain, with considerable 
precision, the magnitudes of the sun, moon, and planets, 
and ascertain the rastness of the distances of some of 
them, relatively to the diameter of the earth. We can as- 
certain the angle which two remote places on the surface 
of the earth subtend to a spectator at the sun, moon, or 
planets, end from thence deduce the angle the disc of 
the earth, when seen from any of these bodies, subtends. 
This angle can be obtained with tho same accuracy as 
we can measure the apparent diameter of the disc of a 
planet. The method requires not the assistance of any 
theory of the arrangement- of the celestial bodies, and 
therefore enables ns to use the magnificent truths it 
fiimishes in establishing the true planetary system. The 
fixed stars appear, as was observed, precisely in the 
same position with respect to each other, in whatever 
part of the earth we are ; but the ^ianets vary their 
position with respect to the neighbouring fixed stars, 
the angular distance of a planet from a neighbouring 
fixed star appearing greater in one place than in 
another. It is from the difference of these angalar 
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diBtances that we obt^n the angle which we should see 
the two places aubtend, could we remove outBelvea to 

the planet to make the observation. 

57. Let us proceed to consider tbia method more par- 
ticularly; but first it may be proper to make a few 
remarks respecting the method of meaanriog small 
augles on the concave enrfacei and on the preoiaioa with 
which they can be measured. 

The diameters of the sun, moon, and planets — that is, 
the angles they subtend, can be measured with much 
accuracy, by measuring the diameters of their images, 
formed by the object glass of the telescope. The image 
is measured by means of two parallel wires placed in 
the focus of the object glass. One of these wires is 
capable of being moved parallel to itself, so that the 
wires may be readily opened to touch the opposite sides 
of the image of a planet's disc, and the interval of the 
wires famishes at once the apparent diameter of the 
planet, the scale being previously settled by ascertain- 
ing the opening of the wires corresponding to a given 
angle. This is one of the simplest kinds of micrometers 
in its simplest state ; there are others which it is unne- 
cessary to mention here. The above is sufficient to 
give an idea of the method of measuring small angles. 
Small angles can be measured with much more accu- 
racy than large angles. In measuring large angles the 
whole telesoope is moveable. In micrometer measures, 
only the small apparatus of the wires is moveable, which 
can be exeout«d with much greater nicety and exact- 
ness than the aggregate parts of a large instrument. 
The parts of the micrometer have much greater stability 
than the parts of an instrument for measuring large 
angles. Small angles may be measured, by eood in- 
straments, with certiiinty, to a fraction of 1 , The 
difEereuoe of declinations of two stars, having nearly 
the same declination, is also readOy measured by mov- 
ing the telescope, and turning the system of wires, so 
that one of the stars moves on the fixed wire, and 
then moving the other wire till the other star, when 
it enters the field of view of the telescope, moves along 
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it. This may be readily done, even if the etare differ 
conaiderably in right ascensioD, and consequently do 
not pass through the teleaeope at the same time, hut are 
BO near in declination, that they are both successively 
seen to pass through the telescope while it remainB 
fixed. The angular distance between the wires gives 
the difference of the declination of the two stars. 

If the stars differ considerably in right ascension, 
the quantity of refraction at each observation may be 
changed, on account of the variation of the barometer 
and thermometer, and must be allowed for; but when 
they are near together tliey are both equally affected 
by refraction, and therefore no allowance is necessary, 
which is a considerable advantage. 

58. To find the angle two distinct places, in the 
same terrestrial meridian, subtend 
at a planet. Let H and S be the 
two places, P a planet in the celes- 
tial meridian of these places. HF' 
and SF the directions in which 
the same fixed star, also in the 
meridian at the same time, is seen 
at the two places. The star made 
use of is supposed t« be very nearly 
in the same parallel of declination 
as the planet — that is, not differing 
in declination more than a few j 
minutes. Produce HP to meet SF ' 
in B : then because KF' and SF 
areparallel(Art.31)HB8-BHF': ^.^ . 

therefore HPS (= BBS + PSB) = **^- 

F'HP + PSF = the sum of the apparent distances of 
the planet and star (the place of the planet being sup- 
posed to be between the parallels). These distances 
can be observed, as was said, with great accuracy, 
by means of a micrometer.* 

■The above ia on the suppoHtlon?, lit, that the >tar and planet 
lira on the m«ridijm logelher ; 2nd, that ihe two places aro on the 
same lerreatrlal meridian. If the star and planet are not on Iha me- 
ridian together, yet (heir diflerenee of declinations beiag obaeived, it 
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59. In order to obtain the angle which the earth's disc 
Bubtends at the moon, or a planet P, let a tangent bo 
drawn from P to the earth, and the angle CPT (Fig. 9) 
will be evidently half of that angle. Kow, since it is 

very small, we may take it to be eqnal to its sine j^. 

The angle CPT is called the horizontal parallax. Now, 
let CH = r; CP = K;ZHP=«; Z'bP-s'; then in the 
triangle HOP, hence r : R :: sin HPC : sin (180°-b); 
therefore. Bin HPC, or ein ^, or ; (eince it is small) 

^aiu z, and aimilarly from the triangle CP3, p' = 

-^ mi tf .: p + p' (or EPS) = k- (nin « + un k") ; hence 

the horizontal parallax, or =r, = -; -. — / whero p 

'^ R sin« + 8ina' '^ 

+ p' is the angle found from observation, as explained 
in 58. 
This is Bometimee given in the following form : — 

^a (sin « + sin «*) = » + a' - (^ + /'), where I and I' are the 

latitudes of the two observatoriee, since p +p' =i + s' - 
HCS, or " « + s' - (HCE + ECT), CE being the equator, or 

■ —7 ~—., which ia the horizontal parallax. 

60. The Cape of Good Hope is nearly in the same 
meridian with many places in Europe, living observa- 
toriea for astronomical purpoees, and therefore a com- 
parison of the observations made there, with those made 
in Europe, furnishes us with a means of practising this 

' method. By a oompariBon of the observations of De 

it lbs ume aa if tbers b&d been a atar on the maHdian wjlh the 
planet. If the two plactt are iioC under the same meridita, an 
ullonance muit be made for the planet's motions in the tnteFVil be- 
tween Ita paieages over the two meridians, and if the difference in 
the longitndM of the two place* be known, the zenith distance! of 
the planet at one of the places of obserration may be riduced to 
what it wonld have been had it been obeerred In the same latitude, 
bat OD the meridian of the eUiei place. 



48 Elements of Astronomy. [chap. v. 

La Gaille, made at fhe Cape of Good Hope, with those 
made at Greenwich, Paris, Bologna, Stockholm, and 
Tlpaal, the angles IJie earth's disc subtends at Mars 
and at the Moon, have been obtained with very consi- 
derable precision. Comparisons of observations will 
also furnish the same for the sun and other planets. 
But it will be seen hereafter, that knowing the angle 
the earth's disc subtends at any one planet, we can 
readily find it for the sun or any other planet. If 
we seek the distance of Jupiter, or any planet out- 
side his orbit, we are obliged to find the annual 
parallax of the planet, or Ao//'the angle which the earth's 
orhit subtends at the planet. 

61. The method that has been described, yields only 
to one other method in point of accuracy ; viz., that 
furnished by the transit of Yenus over the sun's 
disc, which will be particularized hereafter. The above 
is fiilly sufficient for the purposes for which it is given 
here; which purposes are to enable us to compare the 
magnitudes of the suu and planets with that of the 
earth, and to show the vast distances of some of them 
relatively to the diameter of the earth. 

The apparent diameter of the earth when nearest to 

and seen firom 

The Sun is 17-86" Juno \ ■ (,„ 
Mercury „ 28" Vesta )" " ^ 

Venus „ 62" Jupiter „ 4" 

Mara „ 42'' Saturn ,, 2' 

Ceres \ gn Uranus „ I" 

Pallas/ " The Moon,, 2=2' 

A planet therefore appearing to us as small as the 

earth appears to the inhabitants of Saturn, Uranus, and 

Neptune, and would not have been observed except by 

the assistance of the telescope. 

62. The Sun, Jupiter, Saturn, Uranus, and Neptune 
always appear with discs nearly circular. 

The Moon, Mercury, Venus, and Mars, exhibit vari- 
able discs ; they however are always portions of circles. 
Their diameters may be measured with micrometers, and 
are found to be, when greatest, as follow : — 
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The Sun 18 1956" Satnm ia 18" 
Mercury „ 11" TJranus „ 4" 
TenuB „ 57" Neptuna „ 2" 
Mars „ 26" The Moon,, 1920" 
Jupiter „ 40" 
Thi^ SBteroids, according to the most careful trialB of 
Sir W. Herschel, appear to subtend only a email part of 
a second. 

63. Hence we can compare the real diameters of 
these hodiee with the diameter of the earth. For: — 
Diameter of planet: diameter of earth : : angle pla- 
net subtends at the earth: angle earth subtends from 
planet. 

Whence calling the diameter of the earth unity, or 
7,926 miles, the equatorial diameter of 

DiitDi. of s \lilei. 



The Sun 


8 112 


r 888,000 nearly. 


Mercury 


, 0-37 


3000 


Venus . 


, 0-9 


7770 


Mars 


, 0-56 


4600 


Jupiter 


, II.S 


92,000 


Saturn 


, 9-4 


, 75,000 


TTranus 


, 4-5 


36,000 


Ifeptune 


, 4'4 


35,000 


TheMoou 


, 027 


2153 



The largest of the asteroids is supposed not to exceed 
300 miles in diameter. 

64. The above method of obtaining the proportion of 
the diameter of a planet to that of the earth, admits of 
being repeated at pleasure, not being affected hy the 
variahlenesa of the planet's distance, and therefore a 
mean of many resnlta being taken, great accuracy can 
be attained to.^ 

65. Sun's Rotatioit. — Solar SpoU. — Haring deduced 

• Knowing tlie angle tbe e>rth'« diac subtends at tlia sun or a 
planet, we eu ascertain the distanca between the earth and that 
body, becBiue Uie angle in seoads sabteoded by the earth i SOflSdS'' 
(the teeimdi in uc equal radios) : : diameter of tiw Mrtli in 
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the real magnitudes of the apparent circular discs, the 
nest step is to show that the sun and planets are Bpherical 
hodies. "With respect to the sun we are aBsisted by the 
consideration of its spots. By the help of telesoopes we 
often observe, on the bright surface of the sun, dark spots 
, of various and irregular forms, surrounded by a kind of 
borderless ark, called the penumbra. These appear to 
move on the surface from east to west, and after arriving 
at the western edge disappear, and after a time again re- 
appear on the eastern edge. The times of appearance 
and disappearance are nearly equal, each being 13j 
dayfl nearly. The deduction to be made from these 
circumstances is, that the spots are on the surface of 
the sue, for tjiey cannot be bodies revolving about bim, 
for then they would not appear on his surface, and dis- 
appear during eqiial times. The time of appearance 
would be only that of passing over the sun's disc. The 
sun then must revolve on an axis carrying these spots 
with him, or these spots must move on his surface with 
such a motion as will account for the phenomena. The 
latter hypothesis is much more complicated than the 
former, for each spot separately must have such a mo- 
lion given to it, as will solve the phenomena of its 
appearance and disappearance. The spots are not per- 
manent, but are observed to increase and decrease, and 
at last cease to exist ; nor are they stationary on the 
sun's disc, for the time which they take to cross it 

miloa ; digUnca nt the planet fram the earth ia milaa. £at a 
imftll error in the angle subten<l«d hj the earth, will occasion a coiiai- 
derabla error in the distancee, and therefora this method of ascertain- 
log the diatance is not given, aa affhTdinji; ranch precisiUD; but it 
aerres aufficienllf for ahowing the vaat diatanoes of the gun and 
planota from the earth, which ia all thai ia neceraarj for our purpoae 
hare. If the angle subtended at the sun b^ the earth be ly'tJG", the 
snn'B diatance bom Uis earth U ^^^i£l(:c 11716) times the dia- 
meter cf the earth, or 93,098,796 miles. 

In like manner taking 4", 3", and 1'' for the angles subtended by 
the earth'i disc at JniNtar, Saturn, and Uranna, the dialances of theas 
planets from the earth will be fil566, 109132, 20626S diameters of 
tlx4 eatth respectivelf. lu this manner the mean distance of the 
moun from the earUi U fbond to be about 60 nmu^mtfcrj of the earth. 
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is not always the eame. The; appear to have a motion 
of their own relativie to the eon's eorface depending on 
the distance of the spot from the sun's eqaator; the 
IJme of the sun's rotation is, therefore, found tn be 
different when derived from the motion of spots on the 
Ban's equator, and at greater latitudes. In the former 
case it would be 25'2 days, and from the motion of 
a spot in latitude 46°, 27-8 days. The velooity too 
with which they appear to move across tlie sua is 
nearly that with which a point on the san's surface 
would more if the sun revolved on its axis. 

66. Concluding then that the sun revolves on an 
axis, we immediately deduce that it is a spherical body, 
for no revolving body but a sphere will always appear, 
at a distance, a circular disc. The motions of the spots 
show that tiie sun revolves on an aiis inclined to 
the eoliptio at an angle of t)^^", and that the time 
of revolution is 25^ 7\ 

67. As the spots are occasionally seen by the naked 
eye, it is readily conceived they may be easily seen by 
the4ielp of the most indifferent telescopes, having the 
eye, of course, protected by a dark glass from the 
brightness and heat of the rays of the sun. Accord- 
ingly, after the invention of that instrument, they soon 
became objects of muoh notice. The first discovery of 
them is contended for by Galileo, Scheiner, and Har- 
riot Harriot observed them in England in December. 
1610. which was about the same time as when Oalileo 
mentionsthat be had observed them> It was not long after 
they were first discovered that the inclination of the 
■olar axis and time of revolution were ascertained. In 
modem times they are very regularly observed on ac- 
count of the interest attached to them. Photographs of 
them are also taken daily, when praotioable, at the Kew 
Observatory. 

68. BoiATioifs av thb Plaxbts. — By the apparent mo- 
tion of spots on the discs, as well as hy other arguments to 
be mentioned hereafter, we know that the planets Mer- 
cury, Venus, Uars, Jupiter, and Saturn, are spherical 
bo^ea, each revolving on an axis. 
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Mercury revolves in 24*' 6"° Jupiter revolvcB in 9'' 5™ 
Venus „ „ 23 21 Saturn „ „ 10 29 

Mara „ „ 24 37 

The rotation of Saturn waa first aBoertained from 
observation by Sir W. Herschel ; that ,of Venus by M, 
Schroeter, a celebrated German aetronomer. 

69. No appearanceH have been diacovered in the other 
planets eufilcient tg determine their rotation ; but it ia 
highly probable from analogy that they revolve on 
axea. But we have otherwise Buffieient proof of their 
spherical form ; for if they were merely circular discs or 
hemispberea, it ie highly improbable that, their mo- 
tions among the fixed stare being so irregular aa seen 
from the earth, they would always keep the same face 
turned toward it; for the motions being observed to be 
sometimes direct, and sometimes retrograde, the planet, 
unless it be a spheri^pl body, must, to preserve the 
same circular appearance, have contrary motions about 
the same axis. 

70. The rotations of the sun and planets on their 
axes are all in the same direction — namely, that in ^ich 
the planets revolve round the sun. 

7 1 ■ The sun and planets being apherical bodies, their 
magnitudes will be to that of the earth as the cubesof 
their diameters to the cube of the diameter of the earth ; 
whence oalling the magnitude of the earth unity, the 
magnitude of 

The Sun is J416428 Saturn is 770 

Mercury „ 0-059 Tlranus „ 96 

Venus „ 0-83 Neptune „ 90 

Mare „ 0-183 The Moon „ -^^ 

Jupiter „ 1413 

72. The ancients had such very inadequate notions 

of the magnitudes and distances of the sua and planets, 

that the earth was considered, by them, a body of 

as mach importance as any other in the universe. 

-Pythagoras, as may be collected from Pliny, considered 

the sun only three times more distant than the moon, 

and the moon thirteen times less distant than it is; 

hence, according to him, the sun was distant only b^ 
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seven diametera of the earth instead of 11746, and so 

the diameter of the Bun would be only ^ of the dia- 
meter of the earth. AristarchuB, in the third centnry 
before Christ, investigated the distance of the sun, 
and found it to he only 1200 diameters of the earth. 
Eepler, about two centuries ago, considered it neatly 
five times less distant than it is. 

?3. A spectator observing a planet not in his zenith, 
refers it to a place among ljie fixed stars, different ftom 
that to which a spectator, at the centre of the earth, 
would refer it. The place seen from the centre of the 
earth is called its true place : the arc of the great circle 
intercepted between these imaginary points is called 
the diurnal parallax- 

74. Paealiai. — The diurnal parallai is equal to the 
angle subtended at the planet by the place of the spectator 
and centre of the earth, For, to a spectator at H (Fig. 9, 
page 46), a fixed star in the direction HZ is in the zenith, 
and the distance of the planet P from this star is ZHP, but 
at the centre C the distance is ZCP, and the difference 
of these is the angle HPC (p). We have seen before 

that i* = «- sin Z, and it is therefore greatest when Z 

is a right angle— ^tbat is, when the planet is on the 
horizon. The parallax of a planet, when in the hori- 
zon, is called the horiiontal parallax, and is equal to the 
angle the semi-diametet of the earth subtends at the 
planet. 

75. The diurnal parallax depreiset an object, or di- 
minishes its altitude ; a planet, at rising, appears to the 
eastward of its trne place, and at setting, to the west- 
ward, whence the term dinmal parallax. The sun, 
moon, and planets are affected by diurnal parallax. 
The stars are not, as they are at such an immense dis- 
tance that lines drawn from the centre and from a point on 
the surface of the earth to the same fised star are 
parallel — that is, a star is seen in the same position 
aa it would be seen from the centre of the earth. The 
greater the distance of a planet the less is its parallax. 
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THE EOTATIOIT OF THE EifiTH PBlTDnLTrM BXEEBntEST 

uokoh' of the easth about the buk — obeat siettahces 

OF THE FOES SIASS — f KECES8I0N OF THE EftlTIIfOSES. 

76. Eatens acquired a knowledge of the vast dis- 
tances of the Bun aad planets, and of their magnitudea, 
■we are led to consider whether the diuraal motion we 
observe in these bodies be a real or only an appa- 
rent motion. Beal aod apparent motions are not at 
first readily distinguished from each other. The mo- 
tions of a person in a ship, carriage, &c,, daily afford 
instances that vision alone is not sufBcient to distin- 
guish between true and apparent motion. Either ex- 
perience or judgment ia necessary to distinguish between 

DiuBNAL MoTioH. — That the heavenly bodies really 
move, and, by doing so, cause the apparent diurnal 
motion, we can have no experience, nor can we readily 
perceive the motion of our earth, as we in that respect 
are in the same circumstances as a person in the cabin of 
a ship in motion. We could not easily understand 
whether the whole motion was in the ship, or ia a bird 
{the only visible external object), flying at a distance. 
But examining the reasons for each, we distinguish 
which motion is most probable, that of the earth round 
its axis, or of all the celestial bodies in the space of 
23*' 56". Either the celestial bodies revolve in the 
space of 23" 56° in great or small parallel circles, 
according to their apparent distance from the celestial 
poles, or the cause of that apparent diurnal motion is a 
real motion of the earth about an axis in a direction 
from west to east. That the latter supposition will 
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explain the dinmal phenomena is bo eTident, that tl is 
hwdly neceeeary to dwell upon it By the rotation of 
the earth ahout an axis, the horizon of each spectator, 
^f-hich is the tangent plane to the earth's eurface at that 
place, has a motion, and ita intersection with the bea- 
Tens, which is the celestial horizon, will revoWe in the 
celestial sphere, eo that the parte of the sphere will be 
successively oncoTered by it, and become visible, just 
as they would do by a motion of the imaginary sphere 
itself, with its circles round the eartb at rest, carrying 
the sun, moon, and stars situate in it round the specta- 
tor once in 23" 56-. 

77. The only argument against this motion is, that 
the spectator appears at rest, and the celestial bodies 
appear to move. But as experience every day points 
out to us motions only apparent, nothing can he con- 
cluded from the apparent rest of the spectator. The 
arguments from analogy in favour of l^e rotation of 
the earth are very strong. The Sun, Venus, Mars, 
Jupiter, and Satani, all spherical bodies like the earth 
(of which, three are vastly greater than the earth), are 
known to revolve about their axes ; consequently, we 
may conclude that it is most probable that the eaith 
moves in tbe same way. 

78. Also against the diurnal motions of the celestial 
bodies about the earth, are the vast distances and mag- 
nitudes of the sun and planets. The immense motions 
to be given to each of these bodies at different and 
variable distances from the earth, and apparently un- 
connected with each other and with the earth, to pro- 
duce their apparent diurnal motions, would require 
a very complicated celestial mechanism. To suppose 
the sun above a million times larger than the earth, 
to revolve' about the earth in 24 hours, instead of 
the earth revolving about an axis in that time, is con- 
trary to that rale of philosophy by which effects are 
deduced &om the simplest causes. 

79. Also we know that when a body moves in the 
circumference of a circle, there is requisite a force 
tending to the centre to keep it contumally in that 
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circle. It is proTed by writers on meehanica that the 
ceutriiiigal force, generated by uniform motion in a 

circle, is equal to -=j- multiplied by the mass of the 

body, where R ie the radius of the circle, and T the 
time of leTolntion. This must he counteracted in the 
case of unconstrained motion by a force equal and op- 
posite tending towards the centre of the circle. How, 
we can assign no force acting upon the sun and planets, 
to make them describe the diurnal circles, Wo bodiea 
are situate in the different centres of those circles, by 
the continual attraction of which they might he con- 
tinually impelled from the tangent to the circumference. 
80. EsPEBiMEBTiL Paoors OF Eisin's Rotation. — ■ 
Although the arguments for the rotation of the earth 
arc BO satisfactory, that no doubt whatever can remain ; 
yet it is interesting to consider whether the matter 
cannot be subjected to a direct experiment. It will 
readily appear that a body let fall £-om a considenible 
height will, if the earth revolves from west to east, fall 
to the eastward of the vertical line. Let C (Fig. 10) 
be the centre of the earth, T the 
place from which the body is let 
fall, TB the vertical line in direc- 
tion of the centre. When the 
body reaches the earth, let tb be 
the pMition of the vertical line, 
in consequence of the earth's mo- 
tion. Take B/ = T( and / will ^ 
be the place of the body; be- 
cause the body, leaving the top 
of the vertical with a motion 
equal to the motion of the top, 
is, at the end of its fall, as far from the first position of 
the vertical as the top of the vertical itself is from 
its 'first position. But BS is less than T/, and therefore 
than Bf, in the proportion of CB to CT ; consequently, / 
is to the eastward of b. This is on the supposition that 
the place is at the equator, and it may suffice for 
an illustration. On account of the small height BT, at 
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vliich ve CEin make the experiment, i/must be very 
small, and tlie utmoBt nicety is required : in this age, 
however, of accurate experiment, it has beea attempted, 
and, it ie said, with succeaa. It has been tried at 
Bologna from the height of 267 English feot; also at 
Viviers and Hamburgh. At Hamburgh the height waa 
250 feet, and the deviation found to be 0'35 inches to the 
east. Computation, not taking into account the air'a 
resistance, gives 0'34 inches to the east. 

81. PESDUi.Tni EiPEEiMENT. — In the year 1851, M. 
Fourcault suggested an eiperiment, by which certain 
effects of the earth's rotation might be rendered visible. 
If a heavy ball be suspended from a point liy a string, 
without any twist, and a motion be given to it by draw- 
ing it aside &om the vertical, and allowing it to drop 
gently towards the position of equilibrium, it will oscil- 
late, aa a pendulum, and the time of each oscillation will 
be proportional to the square root of the length of the 
string ; consequently, the longer the distance of the ball 
from the point of suspension, the slower, and consequently 
more easily measurable, will be its motion. The plane in 
which it vibrates will remain always fixed in space, 
tmleea some external force different from gravity actn 
upon the ball, and tends to make it deviate &om that 
plane. TSow, it may he shown by an easy experiment 
that, if a hoop be oonstmcted, capable of revolving 
round a vertical diameter, and a string, by which a ball 
is suspended, be attached to the highest point of that 
diameter, and a pendulous motion be given to ihe ball 
as above, a rapid motion of rotation communicated to 
the hoop round an axis passing through the point of 
suspension of the pendulum, will in no way affect the 
plane in which the pendulum itself moves. This is eX' 
actly what would take place if an observer could reach the 
north pole of the earth, and suspend such a pendulum 
from a point on the earth's axis of rotation; the plane of 
vibration of the pendulum would remain fixed in space, 
unaffected by the earth's motion; consequently, the 
earth would revolve under that plane from west to east; 
but aa the observer ia unconscious of his own motion 
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ali»% iritli the earth, the plane of vibration of the pen- 
dulum would appear to bim to move round in the 
opposite direction from east to ■west, and to move 
through all the points of the compass in 23" 56". 

Next, let UB suppose such a pendulum to be set in 
motion at tho eeith's equator, the parte of the earth 
there have no motion of rotation round the equatorial 
r-adiuB drawn to the earlh'e centre; the ball during the 
whole of its oscillation partakes of the motion of all the 
points of the equator round the jtolar axis, and in what- 
ever direction it is set in motion there is nothing to 
disturb the relative position of the plane of oscillation 
to the earth's surface ; consequent!}', it appears unal- 
tered during the whole time of the earth's rotation. 

Let the point of the earth's surface, at which the 
pendnlum is set in motion, be between tLe equator and 
the pole. In order to determine the effect of the earth's 
rotation upon such a pendulum, we must bear in mind 
that writers upon mechanics have shown that, just as 
the effect of a force may be resolved into tho simulta- 
neous effects of two component forces, acting at right an- 
gles to each other in the directions of the sides of a rect- 
angle of which the diagonal is the direction of the original 
force, and as the magnitude of each of which is found 
by multiplying that force by the cosine of the angla 
between the diagonal and the side of the rectangle ; so, 
in like manner, a motion of rotation, which is given to 
a body round an axis, la equivalent to the joint effects of 
two component rotations round two axes at right angles 
toeachoUier, andinthesameplane with the original axis; 
and if the angular velocity round this axis be m, it may 
be shown that the component angular velocities will be 
w cos Q and w cos ^, where a and ^ (= 90° - a) are the an- 
gles which the component axes make with the original 
one. In this way the rotation of the earth round the polar 
axis may he resolved into two component rotations; one 
round an axis, passing through a place whose latitude 
is K, and another round an axis at right angles to this 
latter; and if the angular velocity of the earth in re- 
volving round the polar axis be -^^^-r^, the component 
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angular velocity ronud the axis paBsing through the 
given place vill be that angalar velocity multiplied 
by the cosine of the angular diatance of the place from 

the north pole, or jt^^t-tv- ^ sin ^- Now, these ra- 

^ ' 23" se- ' 

solved rotations take place eimultaneoiiBly, and ivith 
regard to one of them, the given place is, as it were, at 
the pole, and witlt respect to the other, at 90° from the 
asis, and therefore at the corresponding equator. So 
that if a pendulum be set in motion at the place its 
plane of vibration ought to be affected by the first, but 
not bythe second of these rotations. The time of rotation 
ia equal to the 2ir divided by the angular velocity ; con- 
sequently, the time of rotation round the axes through the 

place ia . , , or 23" b&° x eosec X The plane of 
' sin X ' '^ 

vibration of the pendulum ought to appear to move 
round relatively to surrounding objects In this time, 
dnd in smallei' times through proportionate angles. This 
is found by experiment to ho strictly the case aa long as 
the motion of the pendulum coDtinues. This seeming 
change in the plane of the vibration of the pendulum can 
he explained only by the earth's rotation round its axis, 

W^e may conclude, then, that the diurnal motions of 
the celestial bodies are only apparent, and that these 
appearances are produced by the motion of the earth 
about an axis parallel to the apparent celestial axis ; 
although every appearance may be explained by sup- 
posing the eye in the centre of a revolving sphere, in the 
concave surface of which the heavenly bodies are situate. 

82, The rotation of the earth has been established, 
beyond all controversy, since the time of Galileo; but 
the notion is a very old one. It is expressly men- 
tioned by Cicero as the opinion of Hicetaa, who lived 
about 400 years before the commencement of our era. 
The words of Cicero are : — " Hicetae Syracusius, ut ait 
Theophrastus, ccelum, eolem, lunam, stellaa, supera 
deuique omnia stare cenaet; neqne pneter terram rem 
ullam in muudo moveri : qusa cum circum axem se 
aumm& celeritate oonvertat et torqueat, eadem effici 
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Omnia, quaai stante tcirS orelum moveretur." Acad. 
Qiusit. Lib. 2. CopemicuB states that these worda led 
him first to think of the earth's motion. 

83. Axsijii, Motion.— The apparent annual motion of 
the sun is explained, hy supposing that either the sun 
moves round the earth, or the earth round the sun, in. 
a patli or orbit nearly circular. For the aun, as has 
beea stated, appears in the course of a year to describe, 
on the concave surface of the heavens, a great circle 
called the ecliptic. Observation shows that its ap- 
parent diameter does not vary much, its greatest being 
*■ 32'34", and least 3i'29"; consequently the variation 
of distance, compared with the whole distance, is hut 
small. Observations likewise show that its apparent 
motion in the ecliptic or change of longitude is not 
equable, yet its difference from equable motion is not 
gi'eat. The motion for any given interval of time, if it 
moved equably, is found by dividing its whole motion 
in a year by the number of given iatervals in a year. 
Thus it moves 360° in about 365 days, therefore in an 
hour tJie motion is 2'2a" nearly. This is called t/ie 
meait motion in an hour. Its greatest hourly motion 
is 2'33", and its least 2'23". Whence in a year the sun 
moves in an orbit nearly circular, and with a motion 
nearly equable, about the earth, or the earth moves in 
an orbit nearly circular, with a motion nearly equable,, 
about the sun. That the latter motion takes place is 
established by a variety of reasons. 

84, It will he proved that the planets move about 
the sun in orbits nearly circular, in different periodio 
times, and at different distances. Also, that all the 
planets receive their light from the sun — a body vastly 
greater than them all in magnitude, some of which are 
of much greater magnitude than the earth. Again, it will 
hereafter appear that the squares of the periodic times 
of the planets are proportional to the cubes of their 
distances from the sun. Now, considering the earth 
as a planet revolving round the sun, its distance and 
periodic time obey the law of the rest of the planets : 
which circumstance affording such hannony between 
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tliemoiionsof allthosebodieSjTeeeiTingfromtlieBuo their 
light, and apparently their heat, the source of animal and 
vegetable life, must at once perBunde us to acknowleilge 
the annual siotion of the earth, rather than of the 
Fun : although all the principal phenomena of the 
planetary motions may he e:cplained, hy BUpposing 
them, as Ptolemy did formerly, to revolve in orbits 
nearly circular round the Bun, while the sun and 
planets are together carried with an annual motion 
round the earth. 

85. But the most satisfactory proof is one that we 
cannot introduce with its full etfeot here, it requir- 
ing some preliminary principles of physical astronomy. 
This proof is from the knowledge of that universal 
attendant of matter, the principle of attraction or 
gravity. The sun, earth, and planets mutually attract 
each other, in proportion to their quantities of matter 
or their massee. It followa, from the laws of motion, that 
they must come together, or each of them revolve in an 
orbit round a fixed point, the common centre of gravity 
of all the bodies. Now we shall see hereafter that the 
ma»i of the suu, as well as its magnitude, is vastly 
greaterthanof ail the planets together, bo much greater, 
that the common centre of gravity lies within the body 
of the sun; and the sun, in faot, will move about this 
point, but in a path so small, compared with the orbits 
of the planets, that it may be said to be at rest, and the 
planets said to revolve about the sun, they revolving 
about a point bo near his centre. 

Another argument, derived from the aberration of 
the fixed stars, will be mentioned hereafter. 

86. But it is necessary to show bow this annual 
motion will explain the changes of the seasons, or rather 
how the annual motion of the earth will explain the 
apparent motion of the sun in a great circle inclined to 
the equator ; for from this, aa we have seen, are ei7 
plained the changes of seasons. 

The annual motion of the earth in an orbit, the plane 
of wjiich pawes through the sun, is independent of ita 
motiou round the axis. That a globe majr hare tV9 



62 Elements of Astronomy. [chap, tl 

rootiona independent of each other, one a progrearaTB 
motion equally affecting eiicb particle, and the other a 
rotatory motion about an axis, ia easily shown trom 
mechanical princdples. As the progressive motion affects 
each particle equally, it cannot affect the rotation of the 
globe about its axis, and therefore this asia will, while 
the globe baa a progressive motion, remain parallel to 
itself. Supposing, then, the earth to have two anoh 
motiona, it is cEear that the axia of rotation cannot be 
perpendicular to the plane of the progreaaive motion, 
for otherwise the sun, which ia always Been in this plane, 
would at all timea appear in a plane at right angles (o 
that axia — that ia, in the celestial eqnator. £ut if the 
polar axia be inclined to the plane of the earth's orbit 
conatanti; at an angle of 66° 32', a spectator anywhere 
on the earth will see the sun, in the course of a year, 
apparently describe on the snrfoce of the celestial sphere 
a great circle, inclined to the equator at an angle of 
23" 28'. For the plane of the earth's orbit, or that in 
which it movea round the aun, oonatantly making the 
same angle with the terrestrial equator (since the angle 
between two great circles ia that between their planes, 
and this ia the complement of the angle between one of 
them and a line perpendicular to the other, in this case 
between the plane of the ecliptic and the earth's axis), 
it will intereect the surface of the heavens in a great 
circle, inclined to the equator at an angle of 23° 28', and 
therefore an eye at the centre of the earth will refer the 
place of the aun always seen in the plane of the orbit, 
to a great circle in the celeatial sphere, which circle it 
will evidently appear to describe in the course of a year 
to an eye at the centre. But it was before shown, tiiat, 
from the vast distance of the sun compared with the 
diameter of the earth, all spectators refer the sun nearly 
to the same place on the concave surface; whence W« 
Donclnde that, by the motion of the earth about the sun 
in an orbit, to which the equator is inclined at a constant 
mgle of 23° 28', the sun, seen from any part of the 
ecuth, will appear to describe, in the space of s year, 
the great circle called the ecliptic. 

L;3.i:-:ij,XAK>t;k 
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87. ExPi.iHATmjf OF ihe CniifoE of thi 8 
The effects also of this mdination and parallelism of 
the axis, will readily appear, by constdering that a 
tiemi^here (or ratlier Bomewhat more) of the earth, the 
base of which is perpendicular to the line joining the 
centres of the sun and earth, ia illaminated by the snn. 
The positions of the poles and parallels of latitude with 
respect to this hemisphere, will easily ahow the Turiation 
of the length of the days and of the seasons. 

Let (Fig. 1 1 ) represent an oblique view of the path 




or orbit of the earth about the siin ; let also AB repre- 
sent tie axis of the earth in four positions, B being 
the north and A the south pole. Conceive this axis 
in a plane at right angles to the orbit, and that this 
plane always continues parallel to itself, while the 
centre of the earth moves about the sun, the axis will 
then, it is evident, also move parallel to itself. The 
reader will mark the four positions of the earth's centre 
■by H, H,, H,, H,. Let AHB be the position of the axis 
when this plane passes through the sun, 8, and the angle 
rHB=90°+23''28'. When the centre H has moved a 
light angle about the sun to Hi, this imaginary plane 
being parallel to its former position, SH, must be at right 
angles to it— that is, to every line in it, therefore the 
angle between the earth's axis and the radius of its 
orbit is a right angle. When the centre comes to H, 
opposite to H, the plane again passes through the stin, 
and this angle o90°-23° 28', and is then least Whenit 
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comes to H, oppoeite to B,, it ie again a right angle. 
H (at the right hand of Fig, 11) will repreaent the 
place of the earth at the winter solstice, H„ at the top, 
■at the Tcmal equinox, H,, at the left, at the rammer 
sohtice, and H,, at the hottom, at the autnmnal eqtiii 
nox. For the firet position (at H) will represent the 
earth with its enlightened and dark hemispheres, seen at 
right angles to the plane of the meridian passing througti 
the sun. The angle SH B is greater than in any other posi- 
-tion, and the north pole S will be in the dark hemisphere 
furthest removed from the circle of light and darknesa. 
The parallel of lat. Lw is the arctic circle, and will jnst 
touch the circle' of light and darkness. All places on 
the north side of the equator will have a greater portion 
of their parallels of latitude in the dark than in the en- 
lightened hemisphere, and therefore the days will be 
shorter than the nights. The equator is equaUy divided, 
and the parallels oa the southern side have a greater 
portion in the enlightened than in the dark hemisphere. 
rs will be the parallel to which the sun is vertic^, and 
will represent the southern tropical circle, because rH« 
= LHB = 23»28'. 

H, (at the top of Fig 11) will be the place oftheeBrth 
at the Temol equinox ; for it will represent the earth at 
Hi with its enlightened and dark hemispheres, viewed at 
right angles to the plane of the meridian passing through 
the flun. The circle of light and darkness will pass through 
the poles, and equally divide the parallels of latitude; 
therefore all places will hare equal day and night, and 
the iun will be vertical to the equator. 

H, (at the left hand side of Fig. 11 ) will be the place 
of the earth at the summer solstice ; for it will represent 
the earth with its enlightened and dark hemispheres 
■riewed as before at H, and the same may be remarked 
with respect to the northern and aonthem hemispheres, 
as was observed with respect to the southern and 
northern when the earth was in the first position at H. 
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H, (opposite to H,) will repreaeut the earth when at 
the autumnel equinox. 

88. All objectlott to the motion of the earth must be 
considered here, which, at first sight, may appear to 
have some weight. No change is obsorred in the rela- 
tiTe position of the fixed stars, in consequence of that 
motion. The angular distances of the fixed stars, ob- 
served at different seasons of the year, always remain 
the same, even when observed wiUi the most exquisite 
instruments, fiut, siipposing the motion of the earth 
in an orbit, nearly circular, round the sun, the observer 
in one xituation is nearer some stars by 23,500 dia- 
meters of the earth {vide note, page 50), than in ano- 
ther, and consequently the angular distances of those 
stars ought to appear greater.* Or just as a planet 

• Let TE (Fig. 12) nproent tbe orbit of the eartb, T and E Cbs 
places oFthe earth at tbe sulsCices, when tbe axes Vp, P' p" of tba 
earth are la a plane which passes 
through the aun, aail is perpenrl!cii!ar A^ . 

Bvidently passo* through the solstices, / \ 

and cuts tha celestial ephore in the tol- j \ 

tliiialcolsre. Let F be a Hxed cUr in this / \ 

perpenilicolai plane. When the earth / \ 

is at T, tbe- observed distance of the / \ 

star from tbe ceteslial pole is FTP; / \b 

whBQ at E it is FEP, Produce pP / /A 

to meet FE in R: then the angle F=r / -^ \ 

TKE-FTR = FEP-FrP. But these ^ / \ 

angles aro constantly the same, not /~>^C^ \ 

hiTing any perceptible diffference, and /^ ^ ^~~~-~- , ^\ pi 

therefore the angle subtended bv the y^^TT.. "^^^3^ 

diameter of tbe earth's orbii, at k sUf p^~~ -Z.^ 

situate in the solstitial colore, is im- J' ^ 

perceptible. Dr. Bradley took much *^'& 12. 

poiDs to ascertain tbe angle F in the case of y Diaconis — a atar of 
tha second magnitade, situate nearly in tbe plane above- mentioned, 
or in the solstitial colnrc, about IS" from the pole of tbe ecliptic. 
This star, passing tbe meridian neai bis zenith, admitted of being 
observed by a Mnitb sector, an instrument particularly adapted for 
observing with great precision near the lanilh, where alio no error can 
occur from the uncertainty of refraction. He found the angle F imper- 
cepitible by his observations. Dr. Brinkley's observations, and those 
of Mr. Puod — a former Astronomer Boyal — agree aUo ai lo tha iiar, 

' ■ ...Cuogk 
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is referred to different places in the heavens, as seen 
&om places near the north pole and the sonth pole 
of the earth ; so also a fixed star ought to be seen in 
different places, as observed from places in the earth's 
orbit diametrically opposite — that is, just as there is 
the horizontal parallax of a planet — namely, the angle 
which the earth's radius snbtends at a planet, so there 
ought to be the annual parallax of a fixed staF~namely , 
the angle which the radios of the earth's orbit subtends 
at the star. 

88. The first astronomer, who determined with cer- 
tainty the annual parallax of a star, was B^ssel, of 
Kceaigsburg, who found the parallax of 61 Cygni to bo 
0".35. The method which he adopted was the follow- 
ing ; — In order to determine the parallax of a star, 
which is supposed to hare one, he compared its posi- 
tion with that of a star which is at such an immea- 
surable distance, that its position is known to be not 
altered when seen &om opposite points .of the earth's 
whit ; these two stars being very near each other, they 
are affected in the same manner by refraction, preces- 
sion, notation, and aberration. The distance between 
these stars is accurately measured during an entire 
year, and the greatest difference between their dis- 
tances, as seen from opposite parts of the earth's orbit, 
at a distance of half a year, is ascertained; this dif- 
ference is altogether due to the parallax of one star, as 
the other is so extremely distant, that lines drawn 
from opponte positions of the earth's orbit to it may 
be considered to be parallel. 

The parallax of other stars has since been ascer- 
tained. The largest parallax is that of a Centauri, in 

in ihowilig Chat tb« augU F ia imperceptible. At an aitreine ctaa 
let oa Hppoaa tbe MEle f to be even 9", dnv tbe perpendicaUr 
EK, then J": SOeseS'Cthe MCODds inan«rc = radiuB3 - ■ >in 3" ; 
rod : : EK ^ FE. But EE ; TE : ; ^ ETE : radiiu. For y 
Dnconis tbe uikU ETE- 75° nearlj; hanoe £K » O.ST.TE, and 

thereforaFE^^^^^ x 0.gT.TE>=100000.TEn>irI}'. Iflhaeaith 
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the Eoathem hemisphere, which is consequeatly sup- 
posed to be the star nearest to the earth. In the case 
of this star, it amoimte \a nearly 1", or the angle 
which the diameter of the earth's orbit subtends at that 
rtaris 2", and its distance woiild be 224,201 times the 
earth's distance from the sun. Light would take 3^ 
years to travel to ns from this star. 61 Cygni is 
distant from ns 498,366 times the sun's distance, and Si- 
nus (the parallax of which is 0".23) 896,803 times 
the same distance. In the latter case light would take 
more than 14 years to reach the earth from the star. 

Tet there ia nothing contrary to our reason or ex- 
perience in admitting this almost inconceivable dis- 
tance. Why should we limit the bounds of the uni- 
verse by tile limits of our senses ? We see enough in 
every department of nature to deter us from rejecting 
any hypothesis, merely because it extends our ideas of 
the creation and the Creator. 

The beet telescopes do not magniiy the fixed stars, 
so as to submit their diameters to measurement ; but it 
ia well ascertained that the apparent diameter of the 
brightest of them is less than 1". Now, being self- 
shining bodies, and not subject, except in a few in- 
stances, to any apparent alteration, wc may conclude 
them to be bodies of the nature of our sun. But that 
the diameter of the aun may appear less than a second, 
it must be removed 1900 times fartiier from ua than at 
present ; which is an argument in favour of the vast 
distance of the fixed stars. It must, however, be con- 
fessed that this argument from analogy ia much too 
weak to be in any degree decisive, and our positive 
knowledge of the immense distance of the fixed stars 
must depend upon the certainty of our knowledge of 
the earth's motion, of which we have such evidence as 
mnst be considered conclusive. 

89. Pbecbssion op the EanmoxEs. — Although the 
place of the celestial pole among the fixed atars has been 
comddered as not changed by the annual motion of the 
earth, yet in a long period of time it is observed to 
be changed, and also the situation of the celestial 
fS ,-. . 
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equator ; while tte ecliptic .retains the same situation 
among the fixed stars. Observation shows that this 
change of situation of the pole and ei^nator is nearly 
regular. The pole of the celestial equator appears to 
move with a slow and nearly uniform motion, in a 
lesser circle, round the pole of the ecliptic ; while the 
intersections of the equator and ecliptic move back- 
ward <m the ecliptic, with a motion nearly uniform. 
This motion is at the rate of about 1° in 72 years, 
or more accurately 50". 2 in a year; consequently, 
since this intersection moves hack to meet the sun 
in his annual path, the sun returns again to the same 
equinoctial point before he has completed his revolu- 
tion in the ecliptic ; so that the equinoxes precede 
continually the complete apparent revolution of the sun 
in the ecliptic ; and hence the term precession of the 
equinoxes. In consequence of this apparent motion all 
the fixed stars increase their longitudes by 50". 2 in 
a year, and also change their right ascensions and de- 
clinations. Their latitudes remain the same, since the 
ecliptic remains very nearly in the same position with 
regard to them. The period of the revolution of the 
celestial equinoctial pole about the pole of the ecliptic 
is nearly 26,000 years. 

The north celestial pole, therefore, will be about 
13,000 years, hence nearly 49° from the polar star; 
and about 10,000 years hence, the bright star oLyxse 
will be within 5° of the north pole. This star, therefore, 
which now, in these latitudes, passes the meridian 
within a few degrees of the zenith, and twelve hours 
after is near the horizon, will then remain nearly 
stationary with respect to the horizon. All which will 
readily appear, from considering the celestial concave 
surface as represented by a common celestial globe. 

90. This motion of the celestial pole originates from 
a real motion in the earth, whereby its axis, preserving 
very nearly the same inclination to its orbit, has a slow 
retrogra<le conical motion. The cause of this motion 
is shown, by physical astronomy, to arise from the 
attraction of the sun and moon on the excess of matter 
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at the equatorial parts of tho earth, arising from its 
Kpheroidal shape, by which it bulges out at the equator. 
This attraction is greater on the part of the equatorial 
ring of the earth nearest to the sun (or moon) than on 
the portion farthest from it, and conacquently it pro- 
duces a tendency to a rotation of the cnrth round 
an axis in the plane of tho equator ; the composition 
of this rotation with that round the axis j^assing 
through the poles, produces a resulting rotation 
round an axis between them, or alters the direction 
of the axis round which the earth is moving. By phy- 
sical astronomy we are also enabled t« account for a 
small change in the plane of the ecliptic. Observations, 
separated by a long interval, point out that the obli- 
quity of the ecliptic is diminishing at nearly the rate 
of halfa second in a year. Physical astronomy shows 
that this arises from a change in the plane of the 
earth's orbit, occasioned by the action of the planets : 
that this change of obliquity will never exceed a certain 
small limit ; and that by this action of the planets the 
ecliptic is at present progressive on the equator ll".5in 
a century." 

NuTATioH. — The precession of the equinoxes is not en- 
entirelyunifonn, for a small inequality in the precession, 
and change in the obliquityof the equator to tho ecliptic, 
depending on the position of the moon's nodes (the in- 
tersections of its path and the ecliptic) were discovered 
by Dr. Bradley, and are confirmed by physical astro- 
nomy. The poles of the equator describe round their 
mean places a small ellipse, not differing much from a 
circle, about 18" in diameter, in 18§ years.'' 

91. The complicated motion of the pole of the 

■ Hence Ihe annnsl preceSHOn iriaing fmin tbe aclion of (he sun 
and moon on tlie sphericil figure of the esrtli— thai ii, Ihe luni-ioUr 
precesfflon U 50".35 unnuallv. The preceeaion produced by the 
planetsis Cll. In the opposite direcUon ; henea the general precM- 
flioD is 50'.a4, or rigoronsly 60''.35 - O'.ll cos ai. 

*• The inequality menibneii aljove is strio:ly called tlie lunar 
nntalian. There is nlro ft BRiall solar inequality of preceasi<nn, 6e- 
pending on Ihe place of the 9un In the ecliptic, and called the solar 
Qutation. This can increase or diminish the lon^tudu I'.S. 
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equator round the pole of the ecliptic may be graphi- 
cdly represented as follows : — (Fig. 13) Let n be the 
pole of the ecliptic, and MooN a small circle, the dis- 
tance of every point of whieh from 11 is 23" 28', then a 
carved wavy line adoboSe, auch that Tib exceeds fl d 
by 18", wfll represent the motion of the pole of 



Fib'. 13- 
the equator P. Its motion will be the same as if it were 
moving in an ellipse, whose major axis, 18"-5, is 
always directed towards n, and its minor axis 13"'7 
lies in the direction p e, and completing this motion in 
I8| years; while the centre of this ellipse^ is at the 
same time steadily moving along the small circle a o ep, 
at the rate of S0"-2 in a year; the latter moti n*;iB 
called ^e precMsion. The deviation from this u ofom 
motion, and the varying distance of the pole of the 
equator from the pole of the ecliptic, caused by the 
concurrent motion in the moveable ellipse, is called 
nutation. The distance beSe is traversed in 18|^ years. 
The precession of the equinoxes was first discovered 
by Hipparchus. As the quantity of it ia so percepti- 
ble in a hundred years, a comparison of the position^of 
the circles of the sphere, as recorded in the earliest era 
of astronomy, and of their position now, baa been used 
to assist chronology, by determining the number of 
years which must have elapsed from the time when 
the equinoctial colure (or the great circle passing 
through the poles and equinox) passed through the mid- 
dle of Aries, taking into account its motion of 1* in 
72 years. Kewton supposes that this defines the time 
of the Argonautic Expedition for which the celestial 
sphere was first constructed by Musffius, the argonaut. 
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CHAPTER VII. 



92. HATnrs stated some of the principal argumetits 
for the motion of the earth in an orbit nearly circular 
about the sun, let us now consider the planets in 
general. Astronomy has added much ind^ to our 
knowledge of the creation, by enabling us to ascertain 
that the planets are vast bodies, reTolring lound the 
sun in orbits nearly circiUar, some at greater, and 
others at less distances than the earth ; that some of 
these bodies are smaller, and others much larger than 
the earth ; and that, according to a high degree of 
probability, they are bodies of the same nature as that 
on which we live. 

93. The principal planets are always observed to be 
nearly in an ecliptic, the annual path of the sun on the 
concave surface ; and for the present let us consider 
them as seen in the ecliptic. 

The most striking circnmstance in the planetary 
motions is the apparent irregularity of those motionB, 
the planets one while appearing to move in the same 
direction among the fixed stars as the sun and moon, at 
another in opposite directions, and sometimes appearing 
nearly stationary. These irregularities are only appa- 
rent, and arise from a combination of the motion of the 
earth, and motion of the planet ; the observer, not 
being conscious of his own motion, attributing the 
whole motion to the planet. 

94. The planets r^ly move, according to the order 
of the signs of the zodiac, in orbits nearly circular, 
and with motdons nearly uniform, round the sun in 
the centre, at difierent distances, and in different 
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periodic times. The periodic time is greater or less, 
according as the distance is greater or less. It may be 
shown that this motion of the planets roiind the sun 
agrees completely with their observed positions. For 
upon the hypothesis that the planets thns move, we 
can ascertain, by observation, their distances from the 
Sim, ajid thence compute, for amy tme, the place of 
the planet with respect to the snn, which ia alvai/s 
found to agree nearly with observation. This is effected 
in the following manner : 

95. First, (or those planets which are limited in 
their elongation from the sun — namely, Mercury and 
Venus. The eloTigation of a planet from the sun is the 
angle subtended at the earth by the sun and planet. 
These planets are nearer the sun than the earth is, and 
therefore called inferior planets. The greatest elonga- 
tion of the inferior planet Mercury from the sun is 
about 28°, and the average value of the greatest elonga- 
tion of VenizH is about 46° 20'. "When such a planet is 
at the greatest elongation, the line drawn from the earth 
to the planet is at right angles to the radius of its 
orbit ; consequently, the distance of Venus from the 
sun : distance of the earth from the sua as sin 46" 
21' : 1. 

The interval of time between two successive inferior 
conjunctions with the sun can be observed. A planet 
is said to be in inferior conjunction, when it comes 
between the sun and the ewth. In superior eonjune- 
tion, when the sun is between the earth and the planet. 
In inferior conjunction, the planet being nearest to the 
earth, appears largest, and may he observed with a 
good telescope, even a very short time before the con- 
junction. For our purpose here it is not necessary 
that the time of conjunction should be obfierred with 
great accuracy. Let T represent the time between two 
successive inferior conjunctions. Then, to a spectator 
in the sun, in the time T, the inferior planet (moving 
■with a greater angular velocity) will appear to have 
gained four right angles, or 360 , on the earth ; and the 
planet and earth being supposed to move with uniform 
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velocities about the Bun, the angle gained (the angle at 
the sun between the earth and planet, reckoning ac- 
cording to the order of the signs of the zodiac) will 
increase nniformly. 

96. Let TEL represent the . orbit of the earth. 
DNPOO that o 1 an inferior planet, each being supposed 
circular, 8 the sun in the centre, and P the place of 
the planet when the earth ia at E. Then in the txiangle 
SEP (Fig. 14) we obtain the angle 8EP the elongation 
by observation," and the 
angle PSE by computation, 
for it is the angle the pla- 
net has gained on the earth 
since the preceding inferior 
conjunction. Therefore, tbie ' 
angle PSE : 360* : ; time 
from inferior conjunction ; 
T. The two angles SEP and 
PSE being known, the an- 
gle SPE IB known, and 
bence the ratio of SP to i?- u 

8E ; for sin SPE : sin SEP '^* "■ 

: : 8E : SP. Having thus obtained the ratio of the 
distance of the planet from the sun, to that of the 
earth from the sun, we can, at anp time, by help of 
the time T, and the time of the preceding inferior con- 
junction, compute the acgulai distance of the planet 
&om. the earth, as seen from the sun, and thenoe, 

■ Tba ancients observed the places of the fixed stara and planets 
with respect to tlie eun, b; the assistftnce of the moon or planet 
Venus. In the day time thev verv frequently could observe the 
situatian of the moon with respect to the sud. Venus also bring 
occsslonilly visibls lo the naked eye in the dsy time, they used that 
atar fortbe same purpose. Now we can, owing to the convenience of 
oor inetmineDls, without the intervention of a third object, obtain the 
angatar distance of a planet from the sun, by observing the declina- 
Udub of each, and (hs differanee of their right ascensions. By which 
we have, in the triangle formed by the diatauces of each from the 
pole of the equator, and from each other, two sideti, ibe two polar 
dlBtauces, and the included angle, the difference of right asceusions, 
to find the third aide, the angaUi distance of the planet ftum the aun. 
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by help of the planet's aad earth's diBtances from the 
sun, compute what the planet's elongation from the 
eun ought to be at that time. Thus the planet being 
at 0, and the earth at E, we can compute the angle 
ESO ; and having the ratio of the sides 8E and 80, 
m, by trigonometry, compute the angle 8E0 the 
^ation of the planet from the sun ; eince, if the ver- 
tical angle of a triangle and the toUo of the aides be 
known, the base angles can be calculated, iuBsmach as 
we know the gum i>i the base angles, and the ratio 
of their sines. This computed elongation being com- 
pared with the ohgrved angle, we always find them 
nearly agreeing, and thereby it is shown that the 
motions of the inferior planets, Mercury and Venns, 
are accounted for by those planets being supposed 
to move in orbits nearly circular about the sun in the 
centre. As the computed place always agrees with 
the observed place, it necessarily follows that the 
retrograde, stationary appearances, and direct motions 
of these planets, are explained by assigning these cir- 
cular motions to them. 

97. It is easy to demon$trat« the retrograde and Ha- 
tionary appearancet. 

To do this' more clearly, 
it will be necessary to eon- 
siderthe effect of the motion 
of the spectator arising from 
the motion of the earth, in 
changing the apparent place 
of a distant body. The spec- 
tator, not being conscious 
of his own motion, attri- 
butes the motion to the 
body, and conceives himself 
at rest. Let 8 be the sun 
(Fig._ 15), ET the space 
described by the earth in 
a small portion of time, ^S- '6. 

which may therefore be considered as rectilinear. Tin 
motion is from E toward T. Let V be a planet, sup 
posed at rest anywhere on the same side of the line o 
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the direction of the earth's motion aa the sun. Draw 
EP pftrallBl to TV, then while the earth moves 
throngh ET, the planet suppoeed at rest will ap- 
pear to a spectator, nnconscions of his own motioti, to 
have moved by the angle VEP, which motion is dirMt, 
being the same way a8 the apparent motion of the sim. 
And becanse the earth appears at rest with respect to 
the fixed stars, the planet will appear to have moved 
forward among the fixed stare by the angle VEP - EVT = 
the motion of the earth, as seen from the planet sup- 
posed at rest. Thus the planet, being on the same side 
of the line of direction of the earth's motion as the sun, 
will appear, as far as the earth's motion only is con- 
cerned, to move direct. Let M be a planet anywhere on 
the opposite side of the line of direction, then the planet 
will appear to move retrograde (or in a direction round 
Eas centre opposite to that in whichSappears to move) 
by the angle MEE. And, therefore, as far as the motion 
of the earth only is concerned, a planet, when the line 
of direction of the earth's motion is between the sun 
and the planet, will appear retrograde. 

98. To return to the apparent motion of the inferior 
planets. Let the earth be at E (Pig. 14), and draw 
two tangents GE and ED. Then when the planet is at 
D or G, it is at its greatest elongation from the sun 8. 
It is clear that the planet being in the inferior part of 
its orbit between D and G, relatively to the earth, and 
the earth being supposed at rest, the planet will 
appear to move from left to right — that is, retrograde ; 
and in the upper part of the orbit from right to left — 
that is, direct. But the earth not being at rest, we 
are to consider the effect of its motion. In the case of 
an inferior planet, the planet and the sun are always on 
the same side of the line of direction of the earth's mo- 
tion ; and therefore the effect of the earth's motion is 
always to give an apparent direct motion to the planet 
(Art. 97). Hence in the upper part of the orbit 
between the greatest elongations, the planet's motion 
will appear direct, both on account of the earth's mo- 
tion, and its own motion. In the inferior part of the 
orbit the planet's motion will only be direct, between 
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the greatest elongation and the points where the retro- 
grade motion from the planet's motion becomes equal 
to the direct motion from the earth's motion. At 
these points the planet appeats stationary ; and be- 
tween these points, through inferior conjunction, it 
appears retrograde, because the retrograde motion from 
the planet's motion exceeds the direct motion from 
that of the Earth. 

99. Next, for the svperior planets, or those planets 
which are farther from the sun than the earth is, such 
as Mars, Jupiter, Saturn, Franua, and Neptune. The 
interval of time between two succeeding oppositions of 
a superior planet to the s\m can he observed. A supe- 
rior planet is in opposition when the earth is between 
the aun and the planet. It is known when a superior 
planet is in opposition, by observing when it is in the 
part of the zodiac opposite to the place of the sun. 
Let T represent the time between two successive oppo- 
sitions, then viewing the planet from the sun, the emUi 
will appear to have' gained an entire revolution, or 360° 
on the planet, in the time T, since the time of the 
earth's revolution round the sun is, in this ease, shorter 
than that of the planet ; and the earth and planet 
being supposed to move with uniform, angular veloci- 
ties about the sun, the angle gained by the earth will 
increase unif ormly C 

100 Let TEL (Fig. 16) 
represent the orbit of the 
earth, CDOGt that of a 
superior planet ; N the 
place of the planet when 
the earth is at E. Then, 
in the triangle SNE, we 
have the angle SEN by 
observation, and the angle 
N8E by computation. For 
N8E is the angle at the "' ** 

sun which the earth has ^'S- '^' 

gained on the planet, as seen from the sun, since the 
preceding opposition. This angle : 360° : : time since 
opposition : T (since the angles gained are proportional 
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to the timea of gaining them). The two angles USE and 
SEN being known, tte angle SNE is known, and there- 
fore the rai^w of SN to SE. (ForainSNE : sin SEN r : 
8E : SN) ; and consequently SN, since SE is known. 
Having thus obtained the distance of a superior planet 
from the sun, we can, at any other time, by help of the 
time T, and time of preceding opposition, compnte 
the angular distance of the earth from the planet, 
as seen from the sun, and thence, by help of the 
earth's distance and planet's distance from the sun, we 
can compute the planet's elongation from the sun. 
Thus the planet being at R, and the earth at E, we 
compute the angle RSE, aud knowing the sides E8 
and 8R, and the included angle, we can compute the 
base angle RES — that is, the elongation of the -planet 
from the sun. This confuted angle being compared 
with the observed angle, we alicai/» find them nearly 
agreeing, and thereby is shown that the motions of the 
superior planets are accounted for by those planets 
being supposed to move in orbits nearly circular about 
the SUE. As the computed place nearly agrees with 
the observed place, it necessarily follows that the 
retrograde and direct motions, and the stations, of 
these planets are explained, by assigning to them these 
circular motions. 

101. And it is easy to domonstratethese appearances. 
It ia clear that the superior planet being in any part of 
its orbit, and the earth being supposed at rest at any 
point E, the planet will appear to move from west 
to east, or direct. But the earth not being at rest, we 
are t« consider the effect of its motion. The earth 
being at E, draw the tangent DEG ; then if the planet 
is in the upper part of the orbit DCG, it is on 
the same side of tiie line of direction of the earth's 
motion as the sun, and therefore the effect of the 
earth's motion is to give an apparent direct motion to 
the planet. The earth being at E, and the planet at 
D or G, the planet is said to be in quadrature ; conse- 
quently from quadrature to conjunction, and from 
.conjunction to quadrature, the planet appears to move 
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direct, both on account of its own motion and the 
motion of the earth. If the planet is in the lower part 
of the orbit DOG, the effect of the earth's motion iB to 
give an apparent retrograde motion to the planet ; 
consequently from quadrature to opposition, and from 
opposition to quadrature, the planet moves direct or 
retrograde, according as the effect of the planet's mo- 
tion exceeds, or is less than, the effect of the earth's 
motion. Between quadrature and opposition their 
effects become equal, and the planet appears stationary, 
and afterwards through opposition to the next station 
retrograde. 

102. The apparently irregular motions of the planets 
among the fixed stars, must strike the most cursory ob- 
server, and it would not at first be expected that these 
motions could be explained by so simple an arrange- 
ment of the bodies. But it is not enough to establish 
the true arrangement and true motions of the bodies, 
that the gtneral appearances are explained. It is ne- 
cessary that the most minute circumstances of their 
apparent motions can be shown to arise &om that 
arrangement. We have supposed above that the orbits 
are accurately circular, that the planes of these orbits and 
that of the earth coincide, and that the angular motions 
were uniform ; but if the planes of the orbita coincided, 
if the orbits were accurately circular, and were uni- 
formly described, the planets would always appear in 
the ecliptic, and would always be found exactly in the 
places which the computation on the circular hypothesis 
points out ; but none of these things take place exactly. 
The deviation, however, can be explained, by showing 
that the planes of the orbits of the planets are inclined 
to the plane of the earth's orbit at small angles, and 
that the orbits are not circles, but only nearly circles, 
being ellipses, not differing much from circles, as will 
be shown farther on. Every phenomenon, even the 
most minute, can be deduced frvm such an arrangement ; 
■BO doubt therefore would remain of the motions of tJie 
planets, in such orbits, round the sun, even had we not 
the evidence derived from physical astronomy. 
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The ancient arrangement, known by the name of the 
Ptolemaic syetem, will explain the general appearances 
of the planetary motions, will show when they are 
direct, stationary, and retivgrade, and wiU enable us to 
compute nearly their apparent places ; but when ap- 
plied to the more minute circumstancea of their motions, 
it totally fails. 

103. The periodM timet of the inferior planets can 
be deduced nearly, from observing the time between 
two conjunctions, their orbits being supposed circular, 
and the motions uniform. 

Let T = the time between two succcMiive inferior or 
superior conjunctions. 

E = periodic time of the earth. 

P = periodic time of the planet. 

The angle described by the planet round the sun in the 

unit of time is -^— , and that by the earth -=^, hence 

^ ■ xf *■ ■ ^eO" 360' , ^ . 
their separation m this tune la -= ~ ; but smce 

they separate by 360° in the time T, their separation 
in the unit of time is also- ,p — : equating these quan- 
tities, and dividing by 360°, we have p - ^ = ij,, 

TE 

whence P = s; — ^ consequently knowing the time be- 
tween two inferior conjunctions, which can be readily 
observed, we obtain the periodic times of the planets 
Mercury and 'VenuB. 

The interval between the inferior conjunctions of 
Mercury is 116.877 days, therefore its periodic time - 
115.877x365.25 „,„„,, , ., 

- ^ = 87.969 days, or very nearly three 

months. 

The interval for Venus is 584 days, and consequently 
584x365.25 „„,^ , ^ , _, 

Its periodic tone = ^34 ^- 365.25 = '^"■' ^'^^' '''"^' ^* 
months. 
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. 104. The periodic timea also of the »up&rior planets 
can be obtained, from observing the time between two 
Bucceseive oppodtions. 

Let T, E, and P represent aa before. In this case 
. . aeO" 360° 360' „ TE 

the eqnabon becomes -g- - -^ = -jp , or P -■ ^— ^■ 

The interval between two oppositions of Uranus 
is 369f days; hence the periodic time of Uranus = 

^5^:^^^1^^^ = 12x3651 = 82 years. For Saturn, 

the interval is 387 days, and consequently the periodic 
378x365^ 
" 378-365}'^ 
In lite manner the periodic times of the other superior 
planets may be nearly determined, 

105. The inclinationR of the planes of the orbits of 
■ all the planets, except Pallas, to the plane of the 
earth's orbit are small. The method of ascertaining 
the inclinations will be afterwards shown. The points, . 
in which a planet's orbit intersects the plane of the . 
earth's orbit, are called node«. The node through 
which the planet paesea from the aouthem to the 
northern side of the ecliptic, is called the meendit^ 
node, and the other the descending node. 

When an inferior planet is near one of its aodea at 
inferior conjunction, it appears a dftrk spot on the 
sun's surface, thereby is shown that the inferiM- pla- 
nets teceiTe their light from the sun. "When Venus 
is in superior conjunction, at a considerable distance 
from ite node, it may be seen, by help of a telescope, 
to exhibit an entire circular disc. Indeed, all the 
different appearances of the inferior planets, as seen 
through a' telescope, are consistent with their being 
opaque bodies, illuminated by and moving about the 
sun in orbits nearly circular. Near inferior conjunc- 
tion they appear crescents, exhibiting the same appear- 
ance as the moon a few days old. At the greatest 
elongation they appear like the moon when halved, 
and between the greatest elongation and superior con- 
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junction they appear gibbous, or like the moon be- 
tween being halved and'iAill. 

106. These appearances are easily explained. The 
planet being a spherical body, the hemisphere tamed 
towards the sun is illuminated. A small part only of 
tiiifl hemisphere ia tamed towards the earth, when 
the planet is near the inferior conjunction. Half the 
enlightened homiephere is turned towards the earth, 
when the planet is at its greatest elongation. Uoro 
tiiian half, when the planet is between its greatest elon- 
gation and superior conjunction. 

Theobem.— TA* grealett breadth of ths part of the 
iUvmined hemisphere turned loiearifs the earth, is pro- 
portional to the exterior angle at the planet, formed hy 
linee drawn from the planet to the tun and earth. Let 
P8 (Fig. 1 7) be in the direction of the sun, PE in that 
irf the earth, I?HLO the sec- 
tion of the planet in the plane 
of the earth's orbit. Draw HO 
perpendicular to EP, and HIO 
is ^e greatest breadth of the 
hemisphere turned towards 
the earth ; IL being perpen- 
dicukr to SP, IHL is the 
greatest breadth of the illu- 
ndnated hemisphere ; and HI, _. 

common to each, is the great- 

est breadth of the illuminated part seen from the e.artb. 
The measure of this is the angle IPH = IPS + 8PH = 
HPG+8PH=8POthe exterior angle at theplanet. Now 
near inferior conjtmction the exterior angle is less than 
a right angle; at the greatest elongation it is a right 
angle; and afterwards greater than a right angle. 
Therefore the breadth of the illuminated part is respec- 
tively less than a quadrant, equal to a quadrant, and 
greater than a quadrant. 

107. It is easy to see that as the planets appear flat 
discs on the concave surface, so their illumined parts 
will be projected on the flat surface, and the greatest 
breadth HNMI will be projected into its ver^ sine 
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HT. Because the projection of a. circle, inclined to 8 
Biirface, by right lines perpendiciUar to that surface, is 
an ellipse, the inner termination of the enlightened part 
appears elliptical, and the enlightened surface: surface 
of planet : : HV, the projection of greatest hreadth of 
illuminated surface HI, : the diameter HOj or : ; versed 
sine of exterior angle : diameter, 

108. With respect to the superior planets; the ex- 
terior angle of the planet is least when the planet is in 
quadrature. For when the exterior is least the interior 
is greatest. Now it is evident that SDE (Fig. 16J, 
when DE is a tangent to the orbit of the earth, is 
greater than when Eis at any other point, B; for on the 
radius SD as diameter, let a semicircle be described, the 
angle EB8 ia leas than EX8, which is equal to EDS, 
being in the same segment, consequently the exterior , 
angle in the former case is greater than in the latter, 
and Ihercfore the planet being in quadrature, the ex- 
terior angle is least. SDE for every superior planet is 
acute, and the exterior angle obtuse, and consequently, 
its versed sine ia greater than radius. Whence more 
than half the disc of a superior planet ia always seen, 
and it appears most gibbous in quadrature. Mars then 
appears gibbous about ^ of bis diameter ; Jupiter only by 
about yiij of his diameter, which quantity is impercep- 
tible, even by a telescope ; because Jupiter's disc then 
only subtends an angle of 30". Accordingly all the, 
superior planets, except Mars, appear always with a' 
full face. The asteroids appear so small, that it cannot 
be expected that they should appear in any degree 
gibbous. 

109. The brightness of a planfit depends both on the' 
quantity of illuminated snrfiice and its distance. The 
greater the distance is, the less the brightness; which, 
the iUumiuated suifaee remaining the same, decreases 
as the square of the distance increases, so that in com-' 
puting when a planet appears brightest, both the illumi-' 
nated surface and distance must be taken into account. 
Both circumstances concur in making a superior planet 
appear brightest at opposition. The inferior pumeta 
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are not brightest at superior, conjuaotioE, because of 
their greater distance ; and near inferior conjunction 
the illuminated part vigible to us is very small. The 
place of greatest brightness then lies between inferior 
and superior conjonctiou. 

The solution of the problem to find when Venus ap- 
pears brightest, giTes her elongation then about 40 
degrees. The places of greatest brightness are between 
the places of greatest elongation and inferior conjunc- 
tion. This agrees very well with observatiou. When 
she is near tb^s position she occasions a strong shadow 
in the absence of the sun; and for a considerable time - 
both before and after she is at this elongation, she may 
be readily seen in fiill day-light by the naked eye. 

110. From inferior to superior conjunction Veaus is 
to the westward of the sun, and therefore rises before 
the Bun, and by the splendour of her appearance, being 
much noticed, is called the morning star. From su- 
perior to inferior conjunction she appears to the east- 
ward of the sun, and therefore does not set till after 
the sun, and is then called the evening star. Jupiter, 
which approaches much nearer in splendour to Venus 
than any other planet, is Bometimcs called a morning 
or evening star, according as it rises before or sets after 
the sun, and when near opposition may he called both 
an evening and morning star. Since the greatest I 
elongation of Mercury from the sua is about 22 J*, it ■ 
is never seen except during twilight, and consequently. | 
does not attract much attention when seen by the 
naked eye. In order to observe this planet most satis- 
&ctorily, it should be at its greatest distance &om the . 
Bnn when at its greatest elongation, twilight should also 
be shortest at tl^ same time, and the polar distance of 
Mercury should be also much less than that of the sun, 
in order that the difference of the times of rising or 
setting of the sun and planet should be the greatest 
possible. 
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111. The fellotoing Tables sxhihiis at one vUw the prineipal 
outlines of the Planetary System. 
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The times and arcs of retropraxlatioa are computed 
on the supposition that the prhita are circular. 

The apparent diameters of the asteroids have not 
been ascertained. They are too small to he measured 
by micrometerB. 

Sir yf. Herschel thinks that if the diameter of any 
one of them amounted to ith of a second, he should have 
been able to have asoertamed it. — Phil. Tran., Part 1, 
1805. 

112. Perhaps the moat striking circumstance in the 
above table, is the great velocities with which the 
planets move; and this ia more impressed, when we con- 
eider that of the earth on which we live, the velocity 
of wbich is 90 times greater than the velocity of sound. 
In contemplating these velocities, it caimot but occur 
to us how great a power is necessary to he continually 
acting, to circamflect the planets about the sun, and 
compel them to leave the tangential direction (Art. 79), 
A power that acts incessantly, and is able to counteract 
the great velocities of the planets must excite our in- 
quiries as to its origin and law of action. 

We can ascertain that this power is constantly 
directed towards the sun, increases in intensity as the 
square of the distance from the sun decreases, and that 
it is the same power which is diffused through the 
whole planetary system, only varying in quantity as 
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the square of the dietance from the stm is varied. So 
far physical astronomy teaches ub ; but the proximate 
canee of this power, or solar gravity, as it may he called, 
is unknown. We cannot trace by what agency the 
Supreme Being, from whom all things originate, haa 
ordained the operations and laws of gravity to he ex- 
ecuted. 

113. By a comparison of the distances and periodic 
times, wmch are determined independently of each 
other, it will be seen that the squares of the periodic 
times are to each other as the cuiee of the distances 

from the «a». This relation was first foimd out by 
Kepler. For a long time no necessary connexion was 
diacovered between the periodic times and distances, 
till at last it was shown by Newton to he a consequraic* 
of the law of gravity above-mentioned. 

114. At present we know of no secondary cause that 
could have any influence in regulating the respective 
distancesof the planets from the sun ; yet there appears 
a relation between tbo distances, that cannot be con- 
sidered as accidental. This was first observed by 
Profesflor Bode of Berlin, who remarked that a planet 
was wanting, at the distance at which the asteroids 
have since been diacovered, in order to complete the 
relation. According to him, the distance of the pla- 
nets may be expressed nearly as follows, the earth's 
distance from the sun being 10. 

ITercury 4 =4 

Tenus 4 + 3x2° = 7 

Earth 4 + 3x2' = 10 

Mars 4 + 3x2' " 16 

New planets 4 + 3x2' - 28 

Jupiter 4 + 3x2' = 52 

Saturn 4 + 3x2' = 100 

Oeorgium Sidus 4 + 3x2' = 196 

Neptune 4 + 3x2' = 388 

Comparing these with the mean distances above 

given, we cannot but remark their near agreement, and 

ean scarcely hesitate to pronounce that theie mean; 
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distances were assigned according to a law, although 
we are entirely ignorant of the Ciact law and of the 
reason for that law.' 

115. Astroaoiay must have been considerably ad- 
vanced before any attempts were made to aBcertain 
the pOBition of the planets with respect to the sun and 
to each other, and to develope their motions. It is 
.said, however, that the Egyptiins very early conceived 
the motions of the planets Mercury and Venus to be 
about the sun, and also that the Pythagoreans con- 
sidered the sun as the centre about which the planets 
performed their motions. But their opinions are so 
imperfectly expressed in the few scattered notices 
which are found in different authors, that little can be 
known with certainty about them. 

The distinguished astronomers of the Alexandrian 
school, AristarchuH, Eratosthenes, Hipparchus, and 
others, seem not to have attempted any theory of the 
planetary motions, notwithstanding they far excelled 
in other parts of astronomical knowledge all that had 
gone before. And we are certain that till Ptolemy, 
who wrote about 140 yeai-s after the birth of Christ, 
published the system that goes by his name, the motions 
of the planets were not submitted to regular calcu- 
lation. 

In the Ptolemaic system, the earth is supposed im- 
moveable in the centre about which the Moon, Mercury, 
Venus, the Sun, Mars, Jupiter, and Saturn are sup- 
posed to revolve in different periods and in the order 
stated. All these bodies, as well as the £sed stars, 
were litewise supposed to be carried round the earth 
by the motion of the primum mobile in 24 hours. The 
latter opinion appears now so ipiphilosophical, that we 
are apt to judge by it of the rest, and despise the whole 



• Ths deriHtloD of tMsemplriiulIafr In the caae of Keptnne is very 
conuderaUa. Tfae number corresponding to the new ptanetii baa 
aba DO meaning for the asleroida, and at least Tei^reaenta only ihe 
avtrofi of their dielancea from the Buo. Thia ie, for ioitsnce, for 
Florals, ud Cot SfE«> Sl< 
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Ptolemaic eystem, fia nntroiihy of couraderatLon. How- 
ever, that part of the syatem by which the mequalitieB 
of the planetary motionB were explained is well worthy 
of examination, and Beems in some measure entitled 
to the credit which it poeseeeed for nearly fourteen 
ceuturiee. 

Note bt the Rditos. — By means of Kepler's third law, 
which connects the periodic times and the distances of the 
planets from the sun, we can find the ratio of their vcloci^ 
tiee in this manner : Let v be the velocity of the planet 
nearer to the son, and v' thatof thofartherplauot, Tand 
1' their periodic times, tben if r and r be the distances 
from the sun, T* ; T" : : f* : r«, but f since T = —\ 

T':T'»:: -^: — . Therefore ^ : ilj- :: r» : r". 

Hence may be determined the relative apparent mo- 
tion of a planet with regard to the aun. If the planet 
be an inferior one, such as Mercury or Venus, at inferior 
conjunction the space described in a day by the planet 
is, from the above proportion, greater than that de- 
scribed by the earth, and as both motions are then 
parallel, flie planet seems to move away from the sun, 
or its motion is retrograde. To find the stationMy 
point it is evident that for two consecutive days the 
tinesdrawnfrom the earth to the planetmust be drawn 
parallel in space. If 8 be the sun and P and F two con- 
secutive positions of the planet in its orbit, and E and 
E' two consecutive positions of the earth, the line PE 
must be parallel to P'E' ; hence the perpendicular E'p 
on EP must be equal to the perpendicular Vp' on E'P', 
If the angle PES be called i, and SPE <', and V and V 
the spacea, PP' and EE', described in one day by Yenna 
and the earth, it is evident that these perpendicnlara 
are T cos » and T'cos9'(Bincethemotions are small and 
perpendicular to the distances SE, SP .". T:T' : ; 
eoB^i cose, or\/SP : VSE:,: cob <►' : ooB C . ,.''. (o). 
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ButSP: SE: : eme : Biaff . ..(fi). Hence eliminatmg 
ff from these two eqnatione, ve get from (a) cob ff = 

- C09 ff, and from (/3) Bin ^ = ^zr- sin 9 : Bqaarinz 

v'SE S^ 

and adding we have ^ oo^ fl + — ^j Bin' P= 1 ; or eolv- 

by cob' ff we hare tan' ff ^^^ tan' 9, or(Binoe SE" : 

SP" : : E* : P*, E being the earth's period, and P the 
planet's) tan tf : tan P : : E : P, or PB : EB : : 
P : E (B being the foot of a perpendicular from 8 on BP). 
Trom this proportion we may find graphically the sta- 
tionary point of a planet in the following manner :— 
Draw two concentric circIeB representing the orbits of 
the planet, and of the earth round the sun, join the 
centre 8 with the place of the earth E, cut from 8E a 
part 8X, which shall he : SE as P : E ; on EX de- 
Bcribe a semicircle, this will cut the planet's orbit at the 
stationary point. This construction is due t« Professor 
Mac Culkgh. 
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CHAPTER VIII. 



116. Jtipitbe's Satklmtes. — Four Bmall Btara, only 
visible by the help of telescopes, always accompany 
Jupiter, and are continuaUy cbangiag their positions 
■with respect to each other and Jupiter. They are 
called satellites and secondary planets. The first sa- 
tellite is that which elongates itself least teoia Jupiter, 
&c. They clearly show that Jupiter is an opaque body 
enlightened by the sun j for whea they intervene be- 
tween him and the sun, they project a shadow on his 
disc, which appears to move across it like a minute 
dark spot. They themselves are also opaque bodies 
illuminated by the sun ; for when the planet intervenes 
between any of them and the sun, they are eclipsed. 
The phenomena prove that they revolve about Jupiter 
at different distances in orbits nearly circular, while 
they are carried together with him in his orbit round 
the sun. Their orbits are inclined to the plane of 
Jupiter's orbit, as is concluded from the unequal dura- 
tions of the eclipses of the same satellite, for if their 
orbits coincided with that of Jupiter each would always 
take the same time in passing through the same space, 
the diameter of the section of the shadow. The fourth, 
satellite is in extremely rare cases in opposition to the 
sun, without being eclipsed. This is owing to the in- 
clination of its orbit to that of Jupiter, which enables 
it te pass over the shadow without being immersed in 
it at opposition. The third and fourth saiellitea disap- 
pear and re-appear on the same side of Jupiter, Only 
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the begmmngB or tlie endings of the ecIipeeB of the first 
and second satellite are visible, since their orbits are so 
close to Jupiter that the body of the planet intervenes 
and prevents our seeing the egress from the shadow if 
the ingress is visible, and vice vertd. 

117. Let 8 (Fig. 21) be the sun ; J Jupiter and its 
shadow ; B and B' the earth be- 
fore and after the opposition of 
Jupiter ; AB the path of the first 
satellite in the shadow ; £^ a tan- 
gent to Jupiter. When the first 
sateUite onters the shadow, the ' 
apparent distajice of the satellite 
from the body of Jupiter is AET ; 
bat at its emersion at B, the line 
EB always passes through Jupi- 
ter, and therefore the emersion 
is invisiblo ; bat after opposition, 
the earth being at E', the emer- 
sion and not the immersion will 
be visible. The same things take 
place with respect to the second 
satellite. If CD be the path of 
the third satellite, DE frequently 
lies without the body of Jupiter, 
and therefore both the immersion 
at C and the emersion at D are 
visible ; and the phenomena are 
very striking, from the circum- 
stances of the satellite disappear- 
ing and re-appearing at a distance from the body 
of Jupiter on the same side. The same may be ob- 
served with respect to the fourth satellite. Before 
the opposition of Jupiter to the sun, the eclipses happen 
on the west side of Jupiter, aa in the figure, as Jupiter 
is to the cast of the satellite, as seen from E ; after op- 
position, on the east. K the telescope invert, w» 
contrary takes place. 

In addition to the etlipiet of Jupiter's satellites, and 
tihe trantitt of their ihadowi over bis disc, the satelliteg 
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Bometimes pass behind Jupiter, as seen from the earth, 
and then there is on oemdtation of the satellite by the 
planet, and sometimes the satellite itself passes betweea 
the earth and Jupiter, when there is a transit of the 
satellite, which appears sometimes brighter ^d some- 
times darker than the portion of Jupiter's surface which 
it crosses. When the planet is in quadrature aU these 
phenomena may be witnessed. 

118. It has long been suspected that the satellites of 
Jupiter revolve on their axes ; and Sir W. Herschel 
has supposed that each of them revolves in the time of 
its revolution round the primary. This is inferred from 
the periodical changes in their brightness correspond- 
ing to the period of their revolutionB round Jupiter. 
Their motions about the primary, and their motiona 
about their axes, are from west to east. 

119. Their distances in miles from Jupiter and their 
periodic times are nearly as follow : — 

Sat. Diat. Per. SaL Dist Fer. 

I. 280,000 1^ 18'' HI. 700,000 7^ 4" 

II. 440,000 3^ 13" IV. 1,200,000 16* le*- 
The distance of the fourth satellite is only 13 times tho 
diameter of Jupiter, or 8' 18" as seen from the earth, 
or about one-fourth the apparent diameter of the moon. 
They must be very magidflcent objects to the inha- 
bitants of Jupiter. The first satellite appears to them 
with a disc four times greater than that of our moon 
appears to us, and goes through aU the changes of our 
moon in the short space of 42 hours, within ttiat period 
being itself eclipsed, and causing an eclipse of the snu 
on the surface of Jupiter." 

120. The order of their magnitude is 3'', 4*, 1", 2^, 
according to Sir "W. Herschel. Their masses, that of 
the earth being 1000, and therefor^ of the moon 14, are 

• The inenn angular velocily of the flraC aatellite + tvlce Ihat of 
fhs tiiird = three times tbaC af (he aecond ; fram tbie it fbllawB that 
ff their mesa longitudes as men from Jupiter ba 'i, It, hi f i -f S'i — 
S^ = a couatant qaantity, which is found by obMrTation to be I8D° 
Hence it may be tuHj shown tbat tbey «annat b« all adipsed 
togetber. 
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121. The Batellitee of Jupiter, at their greatest eloE- 
gationB, appear nearly in the direction of the equator of 
Jupiter, because the equator of Jupiter and the orbits 
of the satellites are inclined, at small angles, to the 
plane of Jupiter's orbit. The direction of Jupiter's 
equator ie marked by the belU of Jupiter, which are 
faint shades, parallel to each other, on tKe body of Ju- 
piter, and which frequently undergo such changes, that 
they have been supposed to bo somewtat of the nature 
of clouds in his atmosphere ; but, from some unknown 
cause, more permanent than our clouds. This is sup- 
posed to arise from strong and constant currents in the 
atmosphere of Jupiter, in the direction of his equator, 
of a similar nature to our trade winds, and produced by 
the same cause. 

122. GalUeo discovered the four satellites of Jupiter, 
Jan. 7, 1610. This, which might naturally have been 
a source of delight, was at first a subject of disappoint- 
ment. 'He supposed them to be fixed stare, and found, 
looking at them on the next night, that Jupiter was to 
the eastward of them, whence he concluded the motion 
of Jupiter direct; whereas, according to the Copernicftn 
eystem, it ought then to have been retrograde ; but he 
soon discovered that the motion was in what he took 
for fixed stars, and aunonnced his discovery to the 
world. Harriot also appears to have discovered them 
about the same time that OaUleo did. 

This disHMvery was very important in its conse- 
quences. It fbiiushed, as we shall see, a ready method 
m finding the longitude of places by means of the 
eclipses of the satellites which so irequentiy take place. 
This made the eclipses be particularly attended to, 
which led Boemer to discover that the transmission of 
light is not instantaneous ; and this led Eradley to ac< 
count for a small apparent motion of the fixed stars, 
called the aberration of light, which has famisli^ an 
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independent proof of tlie motion of the earth, as strong 
as that &om physical considerations. 

123. Saturn's Satellites. — Satam has eight satel- 
lites revolving about him in orbits nearly circular, of 
■which the sixth is seen without much difficulty, and was 
called the Hnygenian satellite, from having been disco- 
vered by Huygeas in 1635. The third, fourth, fifth, 
seventh, and eighth were afterwards discovered. Sir' 
"W. Herschel discovered the first and second. 

It has long been supposed that the seventh (formerly 
the fifth) satellite revolved on its axis in the time of ite 
revolution round Saturn. This has been cflnflrmcd by 
the observations of Sir W. Herschel. These satellites, 
except the sixth, require a very good telescope to render 
tiiem visible, on -which account they have been much 
less attended to than the satellites of Jupiter. The 
distances from Saturn in semi-diameters of Saturn, and 
periodic times, are nearly as follow. The equatorial 
semi-diameter of Saturn is 37,500 miles: — 

S»L Dinl. Per. Sat. Dist. Per. 



1. 


3-36 


0'' 22" 37- 


V. 


9'55 


4'' 12'' 25" 


ii. 


4-31 


1'' 8''53°' 


TI. 


22-14 


15''22»41" 


III. 


5 34 


li21M8" 


VII. 


28 


22^ 12'' 


IV. 


. 6-84 


2'' 17'' 41°' 


VIII. 


64-36 


79a 71, 



124. Sir "W. Herschel in 1787 discovered two Satel-- 
lites to Uranus. Their orbits are nearly perpendicular 
to the orbit of their primary. Two others have been 
since observed. 

The relation of the periodic times, and distances of 
the satellites from their primary, holds in all the se^ 
oondaries of each planet respectively. 

125. The Moon. — Next to the sun, the most interest- 
ing to us of all the celestial bodies, is our own satellite, 
the moon. It apparently describes, by a motion from west 
to east, on the concave surface of the celestial sphere, 
a- great circle, nearly intersecting the ecliptic at an angle 
of about 5°. This apparent motion is explained by a 
real motion round the earth, in an orbit inclined to 
that id the earth, at an eueie of 5°. The periodic 
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time, or time of return to the same point of the oon- 
oave surface, oi the same fixed star is 27 d. 7 h. 43 m. 
The variation of diameter shows the variation of 
distance is greater than the variation of the evm'a 
distance. 'J'he greatest diameter is 83'^, least 29'^, 
and the mean 31'^. The moon is carried with the. 
earth in its aunoal motion round the sun. This 
necessarily follows, if the motion of the earth be 
granted, and is well illustrated '^ the motion of the 
satellites of Jupiter and Saturn. The apparent motion 
of the moon on the -celestial concave surface varies 
considerably from its mean quantity, and its variations 
seem very irregular. Its greatest hourly motion in 
its great circle is 33' 40", its least 27', mean 32' 56" ; 
so that in its mean quantity it moves over an arc 
of the heavens equal to its apparent diameter in about 
an hour. 

126. The intersections of its apparent path with the 
ecliptic, or the intersections of its orbit, and the 
earth's orbit, called its nodeg, are not fixed, but move 
backward, at the rate of about 19° in a year, com- 
pleting a revolution in 6794 days = 18 years 224 days. 
If we conceive then a circle inclined to the ecliptic, at 
an angle of 5 degrees, and a body moving in this circle 
at the rate of about 33' in an hour, while the circle 
itself is carried backward with a slow motion of 8' an 
hour, the path of this body on the concave surface will 
in some measure represent the path of the moon. The 
more accurate considerations of the lunar motions will 
bo resumed hereafter. The full investigation of the. 
motions of the moon is one of the most intricate, and, 
as connected with finding the longitude at sea, one of 
the most useftil problems in astronomy. Perhaps in 
no instance has modern science reaped so much credit 
as from the success that has followed the attempt to 
completely develope the lunar motion. 

127. Moon's Phases. — The phases of the moon are 
particularly interesting ; they prove the moon to be a 
apherieal body illuming by the sun. "When in con- 
junction with the suuj the moon is invisible, inaamiinh 
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as the iUuminflted hemispliere is turned away from the 
earth ; when, moving from the sun towards the east, it 
is first visible, it ia called the new moon, and appears 
a crescent : when in quadrature, or 90 degrees from 
the sun, it is halved : when more distant, it is gibbous, 
and when in opposition, it shines with a fall face, the 
whole of the illuminated surface being then turned 
towards ue ; approacbing the sua towards the east, it 
becomes again gibbous, thea halved, and lastly a 
crescent, after which it disappears, from the superior 
lustre of the sun, and the smallness of the illuminated 
part which is turned towards the earth. 

128. The enlightened part varies nearly as the 
versed sine of the angle of elongation from the sun. 
It is proved in the same manner* as for the planets, 
that the enlightened part varies as the versed sine 
of the exterior angle at the moon, formed by lines 
drawn from the earth and siin to the moon. £ut this 
exterior angle is equal to the angle of elongation + an- 
gle subtended at the sun by the distance of the earth 
from the moon (Euclid, I., 32). The latter angle 
never amounts to 10', and therefore is inconsiderable. 

129. Moon's Peeiomc Timb. — The time between 
two conjunctions or two oppositions called a htTmtion, 
and synodic month, is greater than the time of a revo- 
lution in the orbit, or the time of return to the same 
fixed star. Because, when the moon has come back 
to the same point of the heavens she has to move a far- 
ther space to overtake the sun, which has moved on in 
the ecUptic through 17°. 

To find the moon'* ndm-ial period. 
I(et S =period of sun's apparent motion about the 
earth. 
P = period of moon's motion about the earth. 
L = period between conjunction and conjunc- 
tion, or of a lunation. 
There the angledescribed by the moon round the earth 

in the unit of time Is -p"' and the angle described by 
• An. loe aod 107. 
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them m the nuit of time ii 



SxL 365.25x29.5305887 
" STL " 394.7805887 

= 27 days, 7 hours, 40 mmutes nearly. The meaa 
eynodic period may be determined by the comparison 
of very distant eclipses of the moon. 

130. In 19 solar years of 365^ days, there are 235 
lunations and 1 hour, for 29-5305887 x 235 = 6939,688, 
and 365^ x 19 = 6939-75. Therefore, considering on!y 
the mean motion, at the end of 19 years, the auii, 
moon, and earth, return to the same relative positions 
■with regard to the fixed stars, and the full moons fall 
again upon the same days of the month, and only one 
hour sooner. This is called the lEetonio Cycle, from 
Mcton, who published it at the Olympic Games, in tho 
year 433 B.C. This period of 19 years has bocii 
always in much estimation for its use in forminir tVie 
calendar, and in calculating the time of Easter, which 
depends on the time of the first full moon after March 
2Ist ; and from that circumstance tho numbers of this 
cycle of years have been called ihe golden numbers. 

131. The appearance observed a few days before and 
after the now moon, when tho moon is a crescent, 
namely that the remainder of the moon's surface ap- 
pears to shine with a pale grey light, is caused by the 
strong earth-light wMch then shines upon the moon, or 
by the reflection of the sun's rays from the earth to the 
moon, which are reflected back again to the earth. When 
the moon becomes considerably elongated from the sun, 
very little of thislight falls on the moon. The pale grey- 
portion of the moon appears to belong to a smaller cir- 
cle tlum tho bright crescent does. This phenoTuonon" 
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affords a remarkable proof, that of two objects of the 
same magnitude, the brigbter object appears lai^er by 
an optical illusion. 

132. One of the earliest attempts upon record to dis- 
cover the distance of the sun from the earth, was from 
observing when the moon was exactly halved or dicho- 
tomised. At that time the angle at the moon, formed 
by lines drawn from the moon to the sun and earth, is 
exactly a right anglej therefore if the elongation (E) of 
the moon from the sun. be exactly observed, the dis- 
tance of the sun from the earth will be had, that 
of the moon being known, by the aolutiou of a right 
angled triangle, that is, sun's distance = moon's dis- 
tance X sec E. The uncertainty in observing when 
the moon was exactly dichotomised, rendered this me- 
thod of little value fi the ancients. However, by the 
assistance of micrometers, it may be performed with 
considerable accuracy. Vcndelinus, observing at Ma- 
jorca, the climate of which was well adapted to obser- 
vation, determined in 1650, the sun's distance, by thia 
method, very considerably nearer than had been done at 
that time by any other method. 

This method is particularly worthy of attention, being 
the first attempt for the solution of the important prob- 
lem of finding the sun's distance. It was used by 
AnstarchUB of Samos, who observed at Alexandria, about 
280 years before the commenoemeat of the Christian 
era. He found that the line which divided the light 
and darkness passed through the centre of the moon when 
her elongation was 87", bcneehe inferred that the sun's 
distance was only 19 times greater than the moon's 
distance ; it is in reality 385 times that distance. 

133. Viewing the moon with a telescope, several 
curious phenomena offer thomselves. Great variety ia 
exhibited on her disc. There are spots differing very 
considerably in degrees of brightness. Some arc almost 
dark. Many of the dark spots must necessarily be ex- 
cavations on the surface, or valleys between mountains, 
from the circumstances of the shades of light which they 
exhibit. There ia no reason to suppose that there is any 
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large collection of water in the moon ; for if there were, 
wlien the boondarj of light and darkn^B passes through 
it, it mnst neceBsaiily eshibit a regular curve, which is 
never observed ; on the contrary the bounding line is ge- 
nerally very broken and irregular, such as would be pro- 
duced by a lunar surface pitted with deep indentations 
and diversified by frequent elevations. The non-exist- 
ence of lai^e collections of water is also probable firom 
the circumstance of no changes being observed on her 
surface, such as would be produced by vapours or clouds ; 
for, although, as will be remarked, the atmosphere of 
the moon is comparatively of small extent, yet it is pro- 
bable that an atmosphere does exist. 

134. LuNAK Mountains. — Thattberearelonarmoun- 
tains is strikingly apparent, by a variety of bright de- 
tached spots almost always to be seen on the dark part, 
near the separation of light and darkness. 

These are tops of eminences enlightened by the rays 
of the sun passing over the circle of light and dark- 
ness, while their lower parts axe still in shade. But 
Rometimes light spots have been seen at such a distance 
from the bright part, that they could not arise from the 
light of the sun. Sir W. Hersche! has particularly 
noticed such at two or three different times. These 
he supposes are volcanoes. He measured the diame- 
ter of one, and found it = 3", which answers to four 
miles on the surface of the moon. 

135. Me.*8t;rehent oi- Heioht8 of Ltjsae Mouif- 
TAiNs. — The heights of lunar mountains may be ascer- 
tained by measuring with a micrometer the distance 
between the top of the mountain, at the instant it 
first becomes lUtuninated, and the circle of light and 
darkness. This measurement is to be made in a direc- 
tion perpendicular to the lino joining the extremities 
of the horns, and therefore parallel to the plane of the 
earth, sun, and moon, because this line is perpen- 
dicular to that plane, being the intersection of two 
planes passing through the moon's centre, one perpen- 
dicular to the line joining the earth and moon, the 
other to the line joining the moon and sun. 

h2 
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Let ACD (F^. 19) be the circle of Hgtt and dark^ 
nesB, T the top of a mountain jnat illumined hy the ray 
IG&TE coining in a direction perpendiculax to the plane 
of the circle ACD, and being tangent to the Hurfaoe 




Fig. 19. 

at D. LotSbeatthe surface, or the bottom of the monn- 
tain, and C the centre of the moon ; then (by Euclid, 3 B. 
36) FT X TS = DT', or TS « (TS + 2CS) = D'P ; but T8 
heing very small compared Tritb CS, we may omit TS', 

DT* 
andwehareTSx2CS = DT',orTS-^^. "We cannot 

measure DT directly, because we observe only GL the 
projection of DT on the plane of the circle of vision 
MCN. Now DT being parallel to the plajie of the 
circle AMD, makes an angle DEC with MN, the plane 
of the circle of vision, = the complement of the angle 
KCD. Therefore DT observed, or GL, =DT cos DEL 
= DT X sin ECD = DT x sin of the angle of elongation 
of the moon from the sun, since the angle between 
CK and CD is equal- to the angle CES' between two 
lines ES' and EC drawn through the earth E perpendi- 
cular to CE and CD, but one of these perpendiculars 
will point to the sun, S', aad the other to the moon, 
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the angle which EC aubtends at the sun being only 

, ^ ^™, DT observed (GL) 

10' may beneglected. IIencel>r= : — r ' 

. ™n (DT obBerred)' 

and conBequently To = ;;;i5 r-r— ^ . 

^ ^ 2CS X sm' elong. 

Old writers on ftBtronomy, when mentioning this 
OToblem, have not considered that the projection of 
TD was only measured, and not TD itself, as has 
been remarked by Sir W. Hersohol. Their methods, 
therefore, only held when the moon was elongated 
90° from the sun.' 

The height of a lunar monntain is sometimes mea- 
sored by the length of the shadow which It casta 



• Kirciulus menlions IhM, on Ihe foarth dnv after new moon, 
he obserred the lap of the hill, called St. Catherine's, to b« illn- 
minated, and that It waa diitant from Ihe connnei of tlie lucid [urt 
about a Biiteenlh part oF the ntaon'a dianialer. Hence campal- 
ing according to hi> methnd— tliat in, snppasing DT itaelf .j^ part 
or tbs moon's diameter, and caliing tlie moan'a diameter uaiCy, 

TS = — ■ X -~= T-T piit at the moan's diemeCer, and ai the moon'a 

diameter = SOOO mile* nearly, TS = -— — = S milea nearly, the 
height of St. Catharina'a according to Blcciolus ; bnt on the fbnrth 
day after new moon, the moan could net be fartlier eiongalad from 
the sun than 48°. Therefore TS conld not be hta than ■ . '"' ^, 

= _ — • 14J mHos nearly. But later aitronomera are not inclined 
to allow of so great an elevation to any of the lunar monntaini. St. 
Catherine's i> now set down at 16,400 feet. 3ir W. Heraehd 
investigated the heights of a great many ; and he thinks that, a few 
esoapted, they Kenerally do not enceed half a mile. But thereseema to 
be little doubt that there are mountaina on Ihe enrface of the moOn 
which much exceed tho« on the aurfacs of our earth, taking inlD 
conaideration the relative magnitudes of the moon and earth. Taking 
tlie altitude of Xewton, the higheat of the lunar mounCalui, to b« 
SS.SnO feel, end that of Hnnnt Everest, In the Himalayas, to be 
29,000 feet, considering that the moon's diameter is only ^ of that 
of tlie earth, the lunar tnountaiiu are relatively three tiinei higher 
tb«n thoae of the earth. 
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oa the moon's Bnriace, compared with the direction of 
the sun's rays. 

136, Moon's Libratiokb. — It is not the least remark- 
able circumstaEce of the moon, that it always exhibits 
neatly the sMne face to us. We always observe nearly 
the same spots, and that they are always nearly in the 
same position with respect to the edge of the moon. 
Therefore as we are certain of the motion of the moon 
round the earth, we conclude that the moon must re- 
toItc on an axis nearly perpendicular to the plane of 
her orbit, in the same time that she moves round the 
earth, viz. in 27^ days. This must necessarily take 
place HI order that the same face may be contmually 
turned towards the earth during a whole revolution in 
her orbit. The motion of the moon in her orbit is not 
equable, therefore if the rotation on her axis be equable, 
there must be parts in her eastern and western edges, 
which are only occasionally seen. These changes, c^ed 
her lihration in longitude, are found to be such as agree 
with an equable motion of rotation. There are parts 
about her poles only occasionally visible. This, called 
her lihration in latitude, arises &om her axis being con- 
stantly inclined to the plane of her orbit, in an angle of 
83 j ", consequently the northern and southern poles of 
the moon are sometimes tnmed nearer, and sometimes 
farther from the earth through an angle of 13° ; when 
one of the poles is turned towards us, we see more of 
the surface about that pole than when it is turned away 
from us. A.di%imalUhration also takes place ; at rising, 
a part of the western edge is seen, that is invisible at 
setting, and the contrary takes place with respect to 
the eastern edge. This is occasioned by the change of 
place in the spectator, occasioned by the earth's rota- 
tion, bringing him at the equator in twelve hours to a 
distance nearly 8000 miles from his former stand point 
with regard to the moon. 

. 137. A few remarks may he here made concerning 
the rising and setting of the moon at different seasons, 
■nd of some other cir cum stances of moon-light. 

The rising and setting of the moon is most interest;' 
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mg at and sear full moon. AtfuUmoon, itisinornear 
that part of the ecliptic, opposite to the sun. Hence 
at iiill moon, at mid Bummer, it ie in or near the most 
southern part of the ecliptic, and consequently appears 
but for a short time above the horizon ; and so there is 
little moon-light in summer, when it would be useless. 
In mid-winter, at fiill, it is near or in the northernmost 
part of the ecliptic, and therefore remains long above 
the horizon, and the quantity of moon-light is then 
greatest when it is moat wanted ; and this is the more 
Btriking, the nearer the place is to the north pole. 
There at mid-winter, the moon does not set for fifteen 
days together — namely, &om the first \o the lagt 
quarter. 

138. The moou, by its motion from west to east, 
rises later every day, hut the retardations of rising 
are very unequal even during the same month. In 
northern latitudes, when the moon is near the vernal 
intersection of the ecliptic and equator, or the begin- 
ning of Aries, the retardation of rising is least, and 
when near the beginning of libra, greatest. This will 
appear by considering that when the first point of 
Aries is on the eastem horizon, the ecliptic makes the 
Uast angle with the horizon (namely, the colati- 
tttde — 23° 28'), and when it is on the western hori- 
zon, and consequently Libra, the opposite sign, on the 
eastem, the ecliptic makes the greatest angle (namely, 
the colatitude + 23* 28'). This is seen if we remember 
that the angle between two great circles is propor- 
tional to the are between their poles, and as tiie pole 
of the ecliptic describes a diurnal circle round the pole 
of the equator, the distance between it and the zenith 
changes ; it is greatest when the pole of the ecliptic is 
on the meridian below the pole, and least when on 
the meridian above the pole ; in the latter case Aries 
is on the east horizon. 

To explain this more fully, let SH'CHN (Fig. 20) 
represent the horizon, CL a portion of the ecliptic when 
the first point of Aries is at C, and ECMNQ the 
equator. Suppose the moon to rise at C on one night, 
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then after a revolution of the concave surface, the 
circles wiXl come again into the eame position trith 
respect to the horf- 
zon, but the moon 
will have advanced, 
suppose to L (in this 
illnrtration we eon- 
eider the moon as 
' moving *» tks eclip- 
tic). Let HL be a 
portion of a small 
circle parallel to the 
equator described 
in her diurnal mo- 
tion, by the moon 
when at L, then on 
the second night the moon will rise nearly at H, 
and therefore, HM and Lff being secondaries to the 
equator, ECQ, when the first point of Aries is riedng 
at C, the moon being at L will have to traverse 
the space LH before she rises at H, and the time 
of describing LH is measured by the angle HPL at the 
pole P, or by the corresponding aro of the equator MN . 
MN423'' 56" orCN-CM:+23'' 56- will consequently be 
the interval elapsed between two successive risings. K 
CL' be a portion of the ecliptic when the moon in Libra 
is rising, and L' the place of the moon on the second 
night, then L'H' being in this case the diurnal circle 
described by the moon, H' will be nearly the place of 
rising, and the interval in time between the rising on 
the second night of the first point of Libra and the 
moon will be measured by the angle H'PL', or the aro 
M'N of the equator, and consequently the interval of 
time between the two successive risings of the moon 
M'N + 23" 56°, or CN + CM' + 23'' 56". It will readily 
appear that CM' = CM, because LN = L'M nearly, since 
CL = CL'andLCN = 23''28'-L'CT. Hence the' retar- 
dation, when the moon rises in Libra, is greater than 
the retardation when the moon is in Aries, by 2CU or 
the angle U'P^ reduced to time. It ia easy to aee that 

L;3.i:-:ij,XAK>t;k 



CHAP. VIII.] Secondary Planets. 105 

these are the two extremes of retardation; for the moon's 
retardation in riaing at any time on two consecutive 
nights is proportional to HPL, if C be the point of 
the horizon where Khe rises on the first night, and 
H on the second, and CL her motion in the interval 
on her orbit, supposed to coincide with the eclip- 
tic. Now the are of the small circle HL - HPL x 
sin HP (since its radius is proportional to sin HP) 

.■, HPL = -: — =r=, consequently this fraction will be 

sin HP "^ 

the least when its numerator (HL) ia the least, and its 
denominator sin HPtfie greatest. In the triangle CLH, 
since CL is supposed to be constant, andNHL ia nearly 
equal to HCQ, the colatitudo, HL will be the least when 
the angle HCL ia luast, and sin HP will be greatest 
when the moon is on the equator: both of these jointly 
take place when the moon is riaing in the constella- 
tion Aries. 

139. HabtbstMoon. — The yariatJon of tho retarda- 
tion of rising, according as the moon is in, or near, diffe- 
rent parts of the ecliptic, being understood, the expla- 
nation of the harvett moon is very easy. 

It is obvious that at all times when the moon is full 
she will rise nearly when the sun sets, but at the full 
moon nearest the autumnal equinox, the moon is ob- 
served to rise neaily at sonaet, for leveral nigkU to- 
gether. This moon, for its uaes in lengthening the day, 
at a time when a continuance of light is most desirable 
to assist the haebandm an in securing the fruits ofhia 
agrioultaral labours, is called the harvest moon. 

140. ExPLAifAtioN OF THE HiavEST Moon. — Themoon, 
at AiU, being near the part of the ecliptic, opposite to 
the sun, and at the autnmnal equinox the sun being in 
Libra, consequently the moon munt be then near Aries, 
when, from what has been stated, the retardation of her 
rising on successive nights, only amounts to 14-^ mi- 

' nutes in the latitude 53° 25' ; and as the moon at full 
always rises at sunset, the cause of the whole pheno- 
menon ia apparent. In places near the Arctic circle, 
where the colatitude is 23° 28', and where the ecliptic 
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consequently coincides with the horizon when Aries is 
rising, the phenomenon is still more striking, and there 
it is of greater use, where the changes of the Beasons are 
much more rapid.* 

141. Om the Atmospheees of the Planets abb 
Mootr. — In tracinjf analogies hetween the planet on 
which we live and the other planets, we naturally in- 
quire respecting their atmospfaerea. The atmosphere 



molinn in l<nigitoiiB (CL or CL', Fig. 20), 

An LX. (mooii-s decliniOon) = sin u x sin m. 

Un Of!, (moon's R.A.) =aau y Un m. 

gin CM. =Un tat. x Ian [IU.(mnon'sdedin.) 

Now CL in ila mean qaantity is about 1S°, and therefun for lat. 
S3°, 33" we Bbsit find bv Bctua] computation, 

CN = llo 2- 1 Hence CN - CM = V 88" or in tinrn = 18" 32' 
CM= 8 24 J and CN4 CMt=17=26'orintiine l>'9-44>. 
. Hencs the interval between tbe rising of the moon on two diHerenl 
nights, when in Ariea = 23'' 66" + ISi" ^ Sl^ IJi" ne»r1v, and 
the tetardaiion is only Uj" mean solar time. When the mra.n 
rises in Libra, (be [ntetvftl ia 23'' 66" t l"" H" = 2a'' 6J", and the 
retaidatiun is l'' fij".* 

This diSeivnce ia atill greater, tlie nearer we approach (he Arctic 
drcle, and there the retardation of rising, when in Aril's, becomes 
smaller, for (hen HCN (tlia compl. oflat.) approacliea to equality 
with LCN, the obliquity of the ecliptic; and therefore the paints H 
and L approach each other, and consequrntly ttH hecomes smaller. 
At the Arctic circle ilaelf, the ecliptic coincides with the horizon, when 

tually rises four minutes eooner than ahe did the previoiu uight as 
measured by mean aolar time. 

* In the preceiiing demonstration, it has been supposed that Ihe 

ecliplio at an angle of 6°, and that her motion in her orbit in 23'" 
66" i« unitorm tliiough the month. As neither of thew anppoailiona 
is strictly true, the foregoing calculation ia only approiimata. 
This effect will lie increased from the inclinatlun of the moon's orbit 
to the ecliptic, when the ascending node ia between Capricorn and 
Cancer, and decreased when between Cancer and Capricorn, aa in the 
former case the iticlinatlon of the moon's motion to the equator is in- 
creased, in tliu latter diiulniehed. 
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wliich BurroondB the earth has such various and impor- 
tant uses, that we can hardly suppose the planets des- 
titute of an element, of which we know not whether the 
Bimplictty of construction, or the complicated advantages 
of it, are most to be admired. 

"We can ascertain that Venus, Mare, end Jupiter, are 
Burronnded hy transparent fluids, which reflect and 
transmit light, and are therefore, according to much 
probability, of the same nature as our atmosphere. 

The spots and belts of Jupiter are not exactly station- 
ary on his disc, hut are observed to undergo changea 
and small motions similar to what would be observed, 
from a distance, of the clouds of our atmosphere i whence 
they are supposed to be clonds in his atmosphere; from 
Bome cause unknown to us, more permanent than any 
of the clouds of the earth. From observing the revolu- 
tions of some spots at different times, Sir W. Hersehel 
has discovered a difference very Bimilar to what would 
arise, did monsoons take place in the atmosphere of 
Jupiter, as they do in that of the earth. It is indeed 
probable that its density is such that we observe in his 
case the phenomena of his atmosphere alone, without 
ever perceiving tha surface of his actual body. 

Bnt the existence of an atmosphere about TemiB, as 
dense, or probably denser than that of the earth, seems 
to be put beyond all doubt, by the observations of K. 
Schroeter. He, for a aeries of years, observed Venus 
with great attention with reflecting telescopes of his 
own and of Sir W. Herschel's making, and also with 
Iichromatio telescopes. 

The results of his observations are, that Venus re- 
volves on an axis, in 23^ 21" ; has mountains like the 
earth, and enjoys a twilight. In several fevourahle 
circumstances, when Venus was seen a thin cresceut, 
he measured the extension of light beyond the semi- 
circle of the crescent, and found it to be such, that 
the observed zone of Venus, illuminated by twilight, 
must have been atr least four degrees in breadth. How 
for the twilight to be seen by us through the atrao- 
tphere of Venus, audour own, extending through Bach 
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an arc, makes it very probable that the inbabitantB of 
Venus enjoy a longer twilight than those of the earth, 
Bad that her atmofipheTe is denser. Mars has also aa 
atmoaphere, which however allows us to see the forma- 
tion of the continents very plainly. Near the polos 
we observe white spots, which increase and diminish 
according to the seasona, being the largest whenever 
it is winter at the pole, and which must probably be 
attribnted to masses of snow. A small star, hid by 
Mars, was observed to become very faint before its ap- 
pulse to the body of the planet. 

142. The existence of an atmosphere in some of the 
planets being ascertained, we are led to make inquiry 
with respect to the satellites. We can have little hopes 
of being able to ascertain the point, except in our 
own satellite, the moon. 

Many astronomers formerly denied the existence of 
an atmosphere at the moon; priacipally, from observ- 
ing no variation of appearance on the surface, like what 
would take plane did cloudn exist as with us : and also, 
from observing no change in the light of the fixed stara 
on the approach of the dark edge of the moon. The 
circumstance of there being no elpuds, proves either 
that there is no atmosphere similar to that of our earth, 
or that there are no waters on its surface to he con- 
verted into vapour ; and that of the lustre of the stara 
not being changed, proves that there can ho no dense 
atmosphere. 

Had the moon an atmosphere of considerable density, 
it would readily be discovered by the durations of the 
occultations of the fised stara The duration of an 
ocoultation would be sensibly less than it ought to be, 
according to the diameter of the moon. The light 
of the star passing by the moon would be refracted 
by the lunar atmosphere, and the star rendered visi- 
ble when actually behind the moon ; in the same 
manner as the refraction by the earth's atmosphere 
enables us to see the celestial objects for some minutes 
after they have actually sunk below out horizon, or 
before they have risen abOTe iC. 2foW) the duration 
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is certainly never lesseoed four seconds of time, in 
which time the moon moves over 2" of space, 1" is to 
be attributed to the beginning, and 1" to the end of 
the occultation, which proves that the horizontal re- 
fraction at the moon must be less than 0". 5, which 
therefore shows that if a lunar atmosphere exiats, it 
must be 4000 times rarer than the atmosphere at the 
surface of the earth, because the double horizontal re- 
fraction by the earth's atmosphere is neariy 4000". 

The existence of a solar atmosphere of considerable 
abeorbiog powers, external to the luroinoun surface, is 
plainly proved by the feet, that the borders of the sun'a 
disc are always considerably leas luminous than the 
central region, and by the phenomena observed in 
total eclipses of the sun, when it is seen to be sur- 
rounded by a bright ring of light called the corona. 

143. Of the Emos of Satukn, — Soon after the in- 
vention of telescopes, a remoriiable appearance was 
observed about Saturn. After a considerable interval 
of time, Huygens having much improved them, dis- 
covered, by careful observations, a phenomenon unique, 
as far as we know, in the solar system. He found that 
Saturn is encompassed with a broad thin ring, inclined 
by a constant angle of about 28° to the plane of Saturn's 
orbit; and therefore at nearly the same angle to our 
ecliptic, and so always appearing to us obliquely. It is 
invisible ; 1°, when ita edge is turned towards ns, on 
account of its tbinness not reflecting light enough to 
be visible, escept in the very best telescopes ; 2°, when 
the plane of the ring passes between the earth and sun, 
because its enlightened part is turned from us; and 
S", when it passes through the sun, the edge being only 
illuminated. 

The ring is a very beautiful object, seen in a good 
telescope, when in its most open state. It then ap- 
pears elliptical, its breadth being about half its length. 
Through the space between the rings and the body, 
fixed stars have sometimes been seen. The surface of 
the ring appears more bnlliant than that of batum 
himself. 
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Fig 21 repreeentB tiie orbit of Saturn round the sun,. 



Fig. 21. 

the planet being plftced in eight poeitions of ita orbit, 
the first position corresponding to its place iu 1862, 
TThen the plane of the ring passed through the sun; 
the third in 1869, when the ring was most open; the 
fifth in 1876, when its plane will again pass through 
the sun; the seventh in 1883, when the ring again 
becomes most open. 

144. It may be shown that we will usually have two 
appearances, and tiro disappearances of the rings in 
the course of tlie year, in wliich the plane of Saturn's 
ring crosses the earth's orbit in the following manner : 
Draw two lines LA, EC (Eig. 21), tangent to the 
earth's orbit, and parallel to the plane of the ring, 
cutting Saturn's orbit in A and C. It is evident that 
the angle ASC is double the angle ASB or SAL, whose 
sine is SL divided by SA, or 10 divided by 95 (Art. 3), 
that is an angle of 6° I'; ASC is consequently 12° 2', 
and as Saturn takes 29-^ years to complete his whole 
orbit, he will xaov^ through this angle iu about 360 
days, or very nearly one of our years. Consequently 
it follows that the plane of the ring can never pass 
through the earth except when Saturn is between the 
points of intersection of LA and EC, with its orbit, 
and that during that time it muat do so twice. 

145. Sir W. Herschel discovered that the ringwhich 
heretofore hod generally been supposed single, consists 
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of two ringa in the same place, aeparated by a Bmall in- 
terval, wtiieh appears as a narrow black line. There 
majr be even more than two rings, as astronomers have 
observed occasionally several such black lines parallel 
lo the more conapiuuoua black divisions separating the 
two rings; and as these lines have been noticed on both 
sides of the ring, there can be very little doubt that 
they are lines of real separation. The thickness of tho 
ring is very small compared with its width, and does 
not exceed 250 miles. The outside diameter of the 
exterior ring is nearly 180,000 miles, and that of the 
inner ring 150,000 miles, the interval between the 
rings is about 1800 miles. The interval between Sa- 
turn and the inner ring is about 19,000 miles. 

In the year 1850 Mr. Bond, of Cambridge, U.S.A., 
and Mr. Dawes, of England, independently of each 
other, discovered a dusky or nebulous ring inside the 
inner of the former rings, and estimated at one-fifth of 
their united breadth, and within 8000 miles of Saturn. 
At the mean distance of Saturn, the apparent diameter 
of the larger ring is 47"^. 

146. 0» CoMiTS. — Comets are luminous bodies, occa- 
sionally appearing, and generally in the part of the hea- 
vens not far from t)ie sun. They aro not as bright as the 
planets, but have somewhat of a nebulous appearance. 
They do not appear long at a time; some are seen only 
for a few days, and those that appear longest, only for a 
few months. Their olten sudden appearance is, however, 
only caused by the position of the orbit with regard to 
the horizon in connexion with their rapid movement. 
Thus the comet of 1861 appeared very suddenly in 
Europe, but was visible during several weeks before in 
the southern hemisphere. They move about the sun in 
■very eccentric ellipses, the sun being in one of the foci, 
according to the same laws as the planets; but they 
differ from the planets in the direction of their motion 
about thd'sun, some being direct, and others retrograde. 
Their paths with respect to tlie ecUptio are also very 
diflferent : some move in a direction nearly perpendieu- 
iar to it. 
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147. But the most etriking phenomenon, and what 
makee them objects of atteutivn to all mankind, is the 
tail of light which they often exhibit. In general when 
a comet appears first, it resembles aroundoroTalnebnIa. 
"WTien it graduallj- approaches the sun it developes ia 
its interior a portion more brilliant than the rest, which 
ia called the nucleus. The large comets, when they ap- 
proach the sun, then show luminous jets cmanatingfrom 
this nucleus in the direction towards the sun. These 
are more or less irregular, ajid sometimes appear all 
at the same time, sometimes one after the other. But 
they all come hack after a while in the direction nearly 
opposite the sun, as if acted upon by a repelling force 
directed from the sun, and form a nebalous appendage, 
called the tail, which often attains an immense apparent 
length, as for instance that of the comet of 1618, which 
exceeded 100°. The direction of the tails isalways op- 
posite tothesnn, buttheyare usually somewhat curv<^, 
and in general bend towards the region from which the 
comet is moving. The maximum of the splendour oc- 
curs always some days after the nearest approach tfl the 
sun. After that the comet becomes less bright, the 
jets of light disappear, the tail gradually vanishes, and 
with the increasing distance from the sun the comet 
aasomes again the form of an ill-defined nebulous mass 
which it presented at its first appearance. The density 
of the comets is very small, as one can see eveii faint 
stars through the tafl, as well as through the nebulous 
matter surrounding the nucleuB. Even the nucleus it- 
self presents no sohd appearance, as none of them have 
ever presented pha*eB, and niUBt, therefore, be masses 
of vapour through which the solar light Is able to 
penetrate. It is probable, however, that these nuclei are 
self-luminous, as observations have shown that the hght 
of the comet surrounding the nucleus is alone polarized. 

148. Comets are divided in two classes according to 
the extent of their orbits. Most of them describe 
eUipaes or hyperbolas of such great eccentricity that 
the small arc. of the orbit in which they can be seen, 
does not essentially differ from the are of a parabola, 
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itnd therefore their orbits are usually only calculated aa 
parabolic. Tbe number rf comets wboae orbits have 
thus been computed amounts already to seyeral huudred. 
The most interesting of the comets are those which 
have been ascertained to move in elliptic orbita and per- 
form their revolutions within the limits of the solar 
system. The number of these, towcyer, is small. We 
shall defer the considerations of their orbits and mo- 
tions till after we have given an account of the dis- 
coveries of Kepler; and, although the laws of planctaty 
motion wfflch he first brought to light might by analogy 
have led to a knowledge of the motion of comets, yet 
nothing of consequence was done till Newton hiniBelf 
illustrated the subject. 

149. Of great interest is the discovery lately made 
of the connexion between comets ajid the meteors 
(shooting stars). Our knowledge about the nature of 
ahootiug stars we owe specially to Bengenberg and 
Brundes, who in the beginning of this century tried to 
find out their paths relative to the earth by noting from 
two stations at the extremities of a measured base Hue, 
the instants aad apparent places of their appearance and 
extinction. They found that their height at these times 
varies from 16 to 160 miles, aad their relative velocities 
from 18 to 36 miles. This great velocity led astrono- 
mers to the conclusion that they are small planetary 
bodies which, encountering the earth in their course, 
become heated while passing through our atmosphere, 
by the resistance of the air, and appear thus in au 
ignited state during that time. Although numbers of 
such meteors are observed every night, there are certain 
occasions on which they occur more frequently, and 
sometimes in extraordinarily large numbers. Such 
especially are the nights of the 14th of November, and 
of the loth and 11th of August. On these nights all 
the meteors have the same radiant point ; which for 
the August meteors is the constellation of Perseus, and 
for the November meteors a point in the constellation of 
Xeo. The meteors do not really all start from that point, 
but their t^parent orbits, when produced, all meet there, 
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exceptmg always a few which do not helong to theea 
Btrcams aad are oalled Bporadic. The earth thus en- 
cotmters on these days a stream of such Httlc hodies 
moving together through space in parallel orbits, the 
divergence of their apparent paths being a mere effect 
of perspective. The displays of the Noveniber meteors 
having been known for a long time, records of them 
existing as &r back aa the bediming of the tenth cen- 
tury, it was found by Professor Newton, of Yale 
College, that these great displays recur in cycles of 
33'25 years, and when their orbit was cotdpnted by 
Adams from their velocity, their radiant point, and the 
place of the earth, it was found, that this agrees very 
closely with that of Temple's comet ef 1866, for which 
also a period of 33 years had been found.' The orbit 
of the August meteors, supposing it to be a parabola 
or a very elongated ellipse, had likewise been found by 
BchiapareUi, in 1866, to resemble very closely that of 
the great comet of 1862, for which a period of about 
130 years had been found from the observations. These 
coincidences, which it is impossible to consider as acci- 
dental, show that these comets form part of these re- 
markable streams of meteors, and open a wide field 
for speculation regarding their nature. It is now con- 
sidered to be established that Temple's comet consists 
of an elliptic train or belt of minute planets revolving 
round the sun all in nearly the same orbit ; that this 



i hy the Independent Inveatigstion? of Schla- 
psrelli, Peler*, and Leverrier. Professor Nswton liad ealablislied 
iliat there U ■ denser part of the group of mtieors, which exIeniU 
OT«r a portion of the orbit so great as to OMupy ^ or .^ of the 
periodic (ime in paaung any panicular point ; nnd he gate a choice 
uf five different period! fur the reTolulinit of this meteoric stream 
round the sun, any one oT which would satisfy bis observed facli. 
He further concluded that the point in which the meleoric belt cuia 
the eaith'e orbit has a progreBsive motion of 52'.4 per annum. Prj- 
fessor Adams fnuad by matheniaiical inveatliia lions that only one »f 
these Sve peiiodn permitted this progreaaive motion to be expliiiiii'd 
by the di-torbances of Jupiter, Saturn, and other planeu, and thut 
tiiis was 33J years. The greatest distance of this elliptic belt tfoui 
th» sun la 1796 millions of milce, aad the leut ST miilioiu. 
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elliptic belt contains some portions in which these little 
bodies are more closely packed together ; that the earth's 
orbit intereectB this belt on the 14th of each Novembor, 
and that thirteen times from Oct. a.d. 902, to Nov, 14, 
1866, we have gone through a denser part of the train. 

150. The appearance of one comet has been several 
times recorded in history, viz., the comet of 1680. The 
period of this comet is 575 years. It exhibited at Paris 
a tail 62° long, and at Constantinople one of 90". When 
nearest the sun it was only ^ part of the diameter of the 
BUD distant from his surface; when farthest, its distance 
exceeded 138 times the distance of the sun from the 
earth. 

151. When the theory of the motion of comets was 
understood. Dr. Halley esamined the comets that had 
been previously recorded in history, and been observed 
by astronomers. In general, he found the circumetanoes 
so vaguely delivered, or the obaer rations so inaccurately 
made, that he was able to determine with much proba- 
bility the identity of only one. The comet which Dr. 
Halley predicted with a degree of confidence, returned in 
] 759. It had been previously observed with accuracy, in 
1682 and 1607, and had alsobecnnoticcdic 1531, 1456, 
and 1305. Its return, was anxiously looked for by astro- 
nomers, and some curious circumstances attending it will 
be afterwarda noticed. With what satisfaction it was 
received by the scientific part of mankind may easily 
be conceived, and how strildngly contrasted with the 
Teoeption of the same comet in 1456, when ail Etirope 
beheld it with fear and amazement. The Turks were 
then engaged in the successful war in which they de- 
stroyed the Greek empire ; and Christians in general 
thought their destruction portended by its appearance. 
It was expected that this comet would re-appear in 
1835, and astronomers calculated beforehiind that the 
time of its approaching nearest to the sun would be 
the 14th November ofthat year. Its perihelion passage 
was actually the 16th of November. 
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CHAPTER IX. 

ON ECLIPiBES OF THE STTN AKD MOON — TEAKSIT3 OP VENUS 
4MD MEECUBT OVEE THE SCn's DISC, 

162. The eclipses of the sun and moon, of all the 
celestial phenomena have moat and longest engaged 
the attention of mankind. They are now in every re- 
spect less intorestimg than formerly; at first they were 
ohjects of superstition ; next, before the improvements 
■ in instruments, they served for perfecting astrono- 
mieal tables ; and last of all, they assisted geography 
and navigation. Eclipses of the sun attaict now 
considerable attention from the striking phenomena 
which the sun presents in a total eclipse, and which 
have enabled us to ascertain the nature of ite luminouB 
atmosphere. 

153. Eclipses of the Moon. — An eclipse of the moon 
being caused by the passage of the moon, when in op- 
position to the sun, through the conical shadow of the 
earth, the magnitude and duration of the eclipse de- 
pend upon the length of the moon'spath in the shadow. 

Let AB and TE (Fig. 22) be sections of the sun 




Fig. 23. 
and earth by a plane, perpendicular to the plane of the 
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ecliptic. Let ATV and BEV touch these Bections 
externally, and BLa and ALd iatemally. Let these 
lines be conceived to revolve about the axis CKV ; then 
TVE will form the conical shadow, from every point of 
■which the light of tlie snn will be excluded. The 
spaces between Ta and TV", and between VE and Erf 
will form the penumbra, from ichich the light of part 
of the sun will be excluded, more of it from the parts 
ncM TV and EV than those near T« and Ei. 




The semi-angle of the cene (TVE) = sem. diam. sun 
(CKA) - hoTizontal parallax of the sun (TAK). The 
angle subtended at the earth by the semi-diameter of 
the Reetion of the shadow 8H at the moon's distance ES 
= SKH = ZKC = ZK A - AKC = (EST + EAT) - AEC = 
horizontal parallax of the moon ■)- horizontal parallax of 
the snn - semi-diameter of the sun. 

The angle of the cone being known, the height of the 
ahadow may he computed. Tor KT;= EV. sinEVT- EV 
sin AEC nearly, since the sun's horizontal parallax is 
only 8". 6 ; also the diameter of section of the shadow 
at the moon is known, for SH or ^ SO = SK x sin SKH. 

The height of the shadow varies from 213 to 220 
semi -diameters of the earth, and nearly varies in- 
versely as the apparent diameter of the sun. The 
average length is 856,200 miles. 

154. When the moon is entirely immersed in the 
shadow, the eclipse is total ; when only part of it is in- 
volved, partial ; and when it passes through the axis 
of the shadow, it is said to be central and total. The 
breadth of the section of the shadow at the distance of 
the moon is about three diameters of the moon ; theie- 
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foTc wLen tbe moon passes through the axis of the 
shadow, it may be entirely in the shadow for nearly 
two hours, since it moves through a s] ace equal to its 
own diameter in about an hour (Art. 126). 

The anple 8KH is, when greatcat, about 45', since 
in order that it should be the greatest possible, the 
moon's horizontal paraUax should be the greatest, and 
the sun's apparent semi-diameter least, or the moon 
ehonld be at the least, and the sun the greatest dis- 
tance ii-om the earth at the sarao time. In this case 
the moon's parallaxjs 60' 13". The sun's parallax 8", 
and the moon's semi -diameter 15' 45", therefore SHK 
= 44' 36''; conaeiiuently, as the moon's latitude is some- 
times above 5°, it is evident an eclipse of the moon can 
only take place when it is near its nodes. 

155. Calcuiation op Ciucitmstances of a Luhab 
EciJTSE. — The ciroumBtances of an eclipse of the moon 
can be readily computed. The latitude of the moon at 
opposition, the time of opposition, the horizontal paxal- 
lax of the moon, and diameters of the sun and moon 
are known at all times from the astronomical solar and 
lunar tables. Let the circle OCK (Fig, 24) represent the 
section of the sha* 
dow at the moon, 
HH" the path of 
the centre of the 
moon, SOC the 
ecliptic, and CL 
the latitude of the 
moon at opposi- 
tion. While the 
moon moves from 
L to N in her or- 
bit, the centre of ^'B- ^*' 
the shadow will move from C to C, in consequence of 
the sun's motion, and the angular velocity of the moon 
being about 13| times the apparent angular velocity 
of the sun (or of the centre of the shadow), they 
will approach to each other more than if C were 
at rest. In order to calcidate this relativs motion 
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let T18 reduce C to rest by applying to both C and 
the moon a motion equal to that of C, aad paral- 
lel to the ecliptic in the opposite direction, or C'C. If 
we take HN to NV as the angular velocity of the 
moo n to that of the sun, and join HV, it is evident 
that MV will represent the path of the moon relative 
to the centre of the shadow. The eclipse will begin 
at F, and end at E, when CF or CE, the distance 
of the centre of the moon from the centre of the 
shadow, wiil be equal to the semi- diameter of the 
moon, added to that of the section of the shadow, 
or the semi-diameter of the moon + horizontal paraUax 
of the moon + horizontal parallax of the sun -sun's 
semi-diameter (Art. 153), and the eclipse is at its greatest 
when the distance between the centres ia the least 
possible; that is, when the centre of the moon is 
at H, the foot of the perpendicular CH. In the right- 
angled triangle CHL wo know CL and HCL (= HVC 
the inclination of the lunar orbit nearly). Hence we 
find HC and HL. HC never differs more than a few 
seconds from CL. From HC and CF (the sum of the 
Bemi'diameters of the section of the shadow and moon) 
we compute FH (= HE, and thence EL (= EH + HL) 
and LF (HF - HL). Thence knowing the time when 
the moon is in opposition at L, the spaces FL and LE, 
and the relative velocity of the moon in the path HV, 
we can find the time of describing FL and LE, or the 
time irom the beginning of the eclipse to opposition, 
and the time from opposition to tho end ; and so the 
times of beginning and ending of the eclipse are known 
from the time of the moon's opposition. 

If the "diameter rhKt of the moon be divided into 
twelve equal parts, called digits ; then, aecording to 
the number of these in ht, the eclipse, is said to be of so 
many digits, 

156, To piNn THE LiTHAR EcuPTic LimTB. — The 
greatest distance of the moon, at opposition, from ita 
node, that an eeUpso can happen, is above llj°, and 
is called its ecliptic limit. "When the moon is nearest 
the earth, and therefore circumstances are mostfmiour- 
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able for an eclipse, let EA (Fig. 35) represent the semi- 




diameter of the ahadow at the moon, and MA the semi- 
diameter of the moon touching it ; MN the apparent 
path of the moon, and N the place &f the node. Then 
EN is the extreme limit of the distance of the node from 
conjunction, at which the eclipse can happen. In the 
spherical triangle MEN we have ME (when greatest) 
I°2'38", and the angle N (when least) 4" 57' 22", and 
the angle at 11 right, consequently EK'= 12°4'. Ifthe 
moon be farthest from the earth, and the angle at 
N the greatest, and consequently circumstances he htat 
favourable for an eclipse of the moon, ME = 52'20" ; If 
= 5° 20' 6" and EM (the minor ecliptic limit) = 9°30'. K 
the distance of the centre of the rfiadow from the node 
he greater than 12°4' an eclipse cannot happen ; if less 
than 9°30' it must occur. 

167, Ifthe moon's nodes were fixed, eclipses would 
always happen at the same time of the year as we find 
the transits of Venus and Mercury do, and will con- 
tinue to do for many ages r but as the nodes perform a 
revolution backward in about 18 J- years, the eclipses 
happen sooner every year by about nineteen days. 

Chaxbeait Saeos. — In 223 lunations, or eighteen 
years, 10 days, 7 hours, and 43 minutes, or 18 years, 
11 days, 7 hours, and 43 minutes, according aa there 
are five or four leap years in the interim, the moon 
returns to the same position nearly with respect to the 
sun, lunar nodes, and apogee, and therefore tiio eclipses 
return nearly in the same circumstances : this period 
was called the Chaldean Saros, being used by the Chal- 
deans for foretelling eclipses. If therefore we record 
the eclipses of the moon in order for a period of 18 
years and 1 1 days, we can approximately find thoae of 
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the next Bimilar period, as they will recur in the same 
order. 

158. From the refraction of the sun's light by the 
atmosphere of the earth, we are enabled to see the 
moon in a total eoUpae, when it generally appears of a 
diiaky red colour. The rays of light which fall IVom 
the Bun on the upper part of the atraosphere are bent by 
it, and entering the shadow fall upon the moon. The 
moon has, it is said, entirely disappeared in some eclipses. 

The gradual diminution of the moon's light as it 
enters the Penumbra makes it very difBoult to observe 
accurately the commencement of a total eclipse of the 
moon. It is also necessary to increase the diameter of 
the shadow, in consequence of the earth's atmosphere 
stopping the solar rays, by about 1'30". An error of 
above a minute of time may easily occur. Hence lunar 
eclipses now are of little value for finding geographical 
longitudes. The best method of observing an eclipse of 
the moon isby noting the time of the entrance of the dif- 
ferent spots into the shadow, which may be consi- 
dered as so many different observations. 

159. Eclipses op the Stjn. — From what has been 
said of the earth's shadow, it is easy to see that 
the angle of the moon's shadow, when it comes be- 
tween the earth and tte sun, is nearly equal to the 
apparent diameter of the sun. We may compute the 
length of the conical shadow of the moon on the same 
principles as in the case of that of the earth, and 
we find that it varies from 60^ to 55j semi -diameters 
of the earth. The moon's distance varies from 65 
semi-diameters to 56. Thus when the moon is nearest 
to the earth the vertex of the shadow may lie beyond 
the earth's centre by a space equal to Sj times the 
earth's radius. Therefore sometimes when the moon is 
in conjunction with the sun, and near her node, the 
shadow of the moon reaches the earth, and involves 
a small portion in total darkness, and so occaslona 
to the inhabitants of that part a total eclipse of the 
son. The part of the earth involved in total darkness 
is always very small, it being so near the vertex of the 
cone ; but the part involved in the Penumbra extends 
over a considerable portion of the hemisphere turned 
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towards the sun 

tially eclipsed. 

160. r ■ _ 

s distance from the earth no part of the earth 
willbeinrolved in total darkness ; but the inhabitantsof 
those plaees near the axis of the cone will see an annu- 
lar eclipse— that is, an annuluB of the sun's disc will 
only be visible. Thus let HF, LU (Fig. 2 




Fig. 26. 
tionH of the sun and moon. Produce the axis 8V of 
the cone, to meet the ettrth in B : trom B draw tan- 
gents to the moon, intersecting the sun in I and "S. 
The circle, of which IN is the diameter, will he invi- 
sible at B, and the annnlus, of which IH or ITF is the 
breadth, will be visible. 

It has been computed" that a total eclipse of the 
snn can never last longer, at the earth's equator, than 
7" 58", nor he' annular longer than 12° 24'. The dia- 
meter of the greatest section of the shadow that can 
reach the earth is about 166 miles. 

161. The general circumstance of a solar eclipse may 
be represented by a projection with considerable accu- 
racy, and a map of its progress on the surface of 
the earth conrtructed. 

The phenomena of a solar eclipse at a given place 



■Thus: the gr«at«st viIiMoftlie moon's nmi-diamtteT U 1025' ' 
and the leiut value ot that or Iha aun'a 94B". The difTarenca la 80". 
Tbe gnatni durstioo of total eclipaa TcmiU be tbe time which )ha 
moon would tnke to dewrib* twice this differcnte or IGO". Since ita 
fpnteat mMlon ia n<it quite .34" in ■ muiate (Art ISS) thia would 
take not qaite five miniilei ; but the earth's rolatton in (he aune 
direction increuea it aa abun. 
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may be well underBtood by considering tie apparent 
dinmcterBof the fumandmoon on the concave surface, and 
their distances aa affected by parallax. When the appa- 
rent diameter of the sun ib greater than that of the moon, 
the eclipse cannot be total, but it may bo annular. 

From the aolar and lunar tables we compute for the 
given place the time when the sun and moon are 
in conjunction — that ie, have the same longitude. From 
the horizontal parallax of the moon, given by the 
tables, at this time, we compute its effects in latitude 
and longitude ; by applying these to the latitude and 
longitu lie of the moon, computed from the tables, we 
get the apparent latitude and longitude, as seen on the 
concave surface ; and knowing the longitude of the 
BUB, we compute the apparent distance of their centres, 
from whence we can nearly conclude the time of the 
beginning and ending of the eclipse, especially if we 
compute by the tables the apparent horary motion of 
the moon in latitude and longitude at the time of the 
conjunction. About the conjectured time of beginning 
compute two or three apparent longitudes and latitudes, 
and from thenco the apparent distances of the centres, 
from which the time may be computed by proportion 
when the apparent distmce of the centres is equal 
to the sum of the apparent semi-diametorB — that is, 
the beginning of the eclipse. In like manner the end 
may he determined. The magnitude also of the eclipse 
at any time may be thus de- 
termined ; let SE (Fig. 26) 
be the computed apparent 
difference of longitude of the 
centres L and S, LE the 
computed apparent latitude 
of the moon. In the triangle 
L8E we have therefore LE 
and E8 to find SL the dis- ' 
tance of the centres. Hence 
mn (the breadth of the eclips- 
ed part of the Bun) = tn + 
gm - 8L is known. Fig- 27. 

162. SoLiB EcLipnc liimTS, — The ecliptic limits of 
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the sun (the greatest distance of the conjunction from 
the node of the moon's orbit, when an eclipse of the 
Bun can take place) maybe found as follows: — (See 
Fig. 23, p. 117). Lettliemoon'sorbitintersectthecom- 
mon tangents to the sun and earth in M and X; when 
the moon is in conjunction, and just touches the cone 
formed by common external tangents AT, BE to these 
bodies, there will be no eclipse ; now the angle MEN 
= MEA 4 AKC = (THE - MAE) + AEC = hor. parall. 
moon-hor. parall. Bun+ sun's semi-diameter; when the 
distance of the centres of the sun and moon is greater 
than this angle + the moon's semi-diameter there will 
be no eclipse. Proceeding as before we get the greatest 
value of this distance 1°35'14", and the least I°24'19", 
and the corresponding ecliptic Hmits, 15°25" distance'of 
the moon from the node within which an eclipse must 
take place, and 18° 20' distance beyond which it cannot 
possibly occur. 

163. There must be two eclipses, at least, of the Bun 
every year, becauBe the sun describing on the average 
in a month 30° 37' in reference to the moon's node, ia 
above a month in moving through the Bolar ecliptic 
limits 30° 50'. But there may be no eclipse of the 
moon in the course of a year, because the aun is not a 
month in moving through the lunar ecliptic limits 
{24° 8' at the greatest). 

When a tot^ and central eclipse of the moon happens, 
there may be solar eclipses at the new moon preceding 
and following, because, between new and full moon, 
the sun moves in reference to the node only about 
15° 18', and therefore the preceding and following con- 
junctions will be at less distances irom the node than 
thelimitfor eclipses of the aunl5°25'. As the same may 
take place at the opposite node, there may he six solto' 
eclipses in a year. Also when the first eclipse happens 
early in January, another eclipse of the sun may take 
place near the end of the year, aa the nodes retrograde 
nearly 20° in a year. Hence there may be seven 
eclipses in one year, five of the sun, and two of 
the moon, as in the year 1823. In 18 years there are 
41 eclipses of the sun, and 29 of the moon generally. 
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256, Ab ft Bolar eclipse will take when the diBtance 
between the centres Af' the moon and bus. is leBS than 
MEN + the moon's Bcmi-diametcr, and a lunar eclipse 
when tte distance of the centres of the moon and cen- 
tre of the section of the shajlow is less than 8KH + 
moon's semi-diameter; and since MEN exceeds SEH 
by twice the difference of the sun's semi-diameter and 
parallax, an eclipse of the sun will be more likely 
to occur than one of the moon ; hut the latter, when it 
does occur, is visible over a hemisphere, the former over 
a limited portion of the earth. 

A total eclipse of the enn, April 22, 1715, was seen 
in most parts of the south of England. A total eclipse of 
the sun hadnot been seen in London since the year 1140. 

The eclipse of 171& was a very remarkable one; 
during the total darkness, which lasted in London 
S" 23", the planets Jupiter, Mercury, and Venue were 
seen ; also the fixed stars Capella and Aldebaran. Dr. 
Halley has given a very interesting account of this 
eclipse,' which is said by Maclaurln to be the best 
description of an eclipse that astronomical history 
affords. A particular account is also given in the PLU. 
Trans, by Maelaurin of an annular eclipse of the bud, 
observed in Scotland, Feb. 18, 1737. He remarks, 
that this phenomenon is so rare, (hat he could not 
meet with any particular description of an annular 
ecHpse recorded. This eclipse was annular at Edin- 
bui^h during 5° 48'. The next total eclipse visible in 
England will be on August 1 1th, 1999, 

257, The beginning and end of a solar eclipse can 
he observed with considerable exactness, and are of 
great use in determining the longitudes of placee ; hut 
ihe computation is complex and tedious, from the 
necessary allowances to be made for parallax, 

258, Tb4nsits of Venus Aun Meecuet. — The planeta 
Venus and Mercury moving round the Sun, in orbits 
which are slighly inclined to that of the Earth, are 
sometimes in inferior conjunction when near their nodes, 
or the intersections of their orbits with the plane of the 
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ecliptic : they then pass OTer the Sun's disc, and appear 
as dark aud well-defined spots an his body. Mercury 
can only bo seen by the asaistaoce of a telescope; but 
Venus may be seen by the eye, defended with a smoked 
glass, or on the image of the aua formed in a dark room 
by an aperture in the window. Venus appears in a 
telcBCope, a well-defined black spot, 57" ia diameter. 
The diameter of Mercury is only about 1 1". 

259. The transits of Mercury are much more frequent 
than those of Venus. This is merely accidental; arising 
from the proportion of the periodic time of Mercury 
to that of the Earth, being nearly expressed by several 
pairs of small whole numbera. If an inferior plaset be 
observed in conjunction near its node (or in a certain 
place of the ecliptic), it will be in conjunction in the 
Siime place of the ecliptic, after the planet and the earth 
have each completed a certain namber of revolutions. 
Now it ia easily computed from the periodic times of 
Uercary and the Earth, that nearly 

7 per. of the Earth's rev. = 29 per, of Mercury's. 

13 „ of the Earth = 54 „ of Mercury. 

,33 „ of the Earth =137 „ of Mercury. 

,. Therefore transits of Mercury, at the same node, may 
happen at intervals of 7, 13, 33, &o. years. 

8 per. of the Earth's rev. = nearly 13 per. of the 
rev. of Venue for 365-256 days x 8 = 2922-05 and 
224-701 days >; 13 = 2921-11. 

There are no intervening whole numbers till 

235 per. of the earth = nearly 382 per. of Venus, 
for each equals 85835J days. 

Hence a transit of Venus, at the same node, may 
happen after an interval of 8 years. If it does not 
happen after an interval of 8 yeara, it cannot happen 
til! after 235 years. 

At present the ascending node of Venus, as seen from 
the sun, is in 75% and the descending node in 255". 
Tlie earth, as seen from the sun, is in tlie former 
longitude on the 7l,h of December, and in the latter 
oii.-sie5th of June. Hence the ti-uusics of Venufl will 
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happen for maay agea to come in Deoember and June. 
Tbose of Mercury will happen in May and NoTemtwr. 

Itil. A transit of Mercury happened at the de- 
scending node in May, 1832, and the next at that node 
in 1845. One happened in 1815 at the ascending node, 
another in 1822, and a transit at that node in 1835. 

In the years 1761 and 1769 there were transits of 
Venus, Venus heing in her descending node; the next 
transit at that node will happen in the year 2U04. 
But a transit was ohservod at the ascending node in the 
year 1 639 by Horrox, who had previously computed it, 
from having corrected the tables of Veniia by his own 
observations, all other astronomers having been ignorant 
of its occurring. Tbis transit will again happen at the 
end of 235 years from that time, or in the year 1874. 

168, Horrox, who resided near Liverpool, when 
quite a youth, engaged in the study of astronomy with 
extraordinary entliusiasm and success. His having 
improved the tables of the motion of Venus so as to 
predict and observe this curious phenomenon, is one of 
the least of his astronomical performances. 

He wrote an account of his observation in a disserta- 
tion, entitled, " Venusiu sole visa," which, many years 
after bis death, was published by Hevelius at Dantzic. 
This roosed the attention of his countrymen to make 
inquiries respecting him, and to examine whether any 
of his manuscripts i^ere remaining. A small part only 
of what were known to have existed were found, and 
were published by Dr. Waliis about 30 years after hia 
death.* Thus had not his manuscript, " Venus in sole 
TisaJ'accidentallyfallen into the hands ofHevelius, there 

• Tha Kcoant Dr. W.llii bat given of Ihe tttt of Horrox's 
muiuacripW ia interesting. Soma were brought to Ireland by his 
brother, who died hers; these have never been found. Many were 
burned, during the civil w»r« of England, by aonie soldiers, who, 
■earching for plunder, found them where they had been cunucaled. 
. Some were used in compOBing a set of ascn»ioniical lablei, called the 
Brilrh TabUt, published En 1653. Tbese wereal^erwardsde^iruved 
in t\<f great Hrs at London, in 1G66. The pan ihec Dr. Walli;) baa 
piii^lished was found in tlie ruins of a house at MunL'besler, in which 
hit friend CraUtree had resided many years befure. 
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Ib reason to suppose, thnt in a few years scarcely any 
trace of this extraordiDary young man would have re- 
maiDed. The apparent neglect of Ma countrymen must 
be attributed to the civil ware, which almost im- 
mediately followed his death. He had no assistance in 
hia labours, except from a friend, of the name of Crah- 
tree, who lived at the distance of 20 milea. He also 
cultivated, with much ardour and ability, this science. 
Their correspondence is extant. Crabtree, informed by 
Horrox. observed the transit at his own place of abode, 
Horrox died at the early age of 22, in the year 1641 : 
and from what we see of his works that remain, it 
appears highly probable that, bad hia life been longer 
spared, his fame would have surpassed that of all his 
predecessors. He seems to have been the firat astro- 
nomer who reduced the sun's parallax to nearly what it 
has since been determined. Ail astronomcrB before 
Kepler had made it more than two minutes : Kepler 
stated it at 52" ; but Horrox, by a variety of ingenious 
arguments, evincing his superior knowledge in the 
science, shewed it highly improbable that it was more 
than 14"'. He also supposed that the disc of Venus, 
when seen on the sun, would not subtend a greater 
angle 1' : whereas, according to Kepler, it would be 7'. 
Horrox, soon after he had entered on this science, was 
convinced by hia own observations of the value of Kep- 
ler's discoveries. 

262. The transits of the inferior planets afford the 
best observations for obtaining accurately the places of 
tbeir nodes, and also the best observations for deter- 
mining tbeir mean motions. 

The transits of Venus also afford us far the most 
accurate method of ascertaining the sun's distance 
from the earth, and therefoTe the magnitude of the 
whole system. 

Dr. Halley first proposed this method of finding the 

' Dr. HaSley, abore fiitv yean nfler, by argumenW not very 
dlsBimilar to tliose of Uurrox, endeBvuDrcd lo bUuw tbut it vu not 
maiatban I^^'. 
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aim's distance in 1716. He had observed, at the island 
of St, Helena, a transit of Mercury over tie sun's disc, 
and thence had concluded that the total ingress and the 
beginning of the egrera of Venus might be observed to 
1* of time : from 'whence, as he said, the sun's distance 
might he determined vrithia j^j of the -whole distance. 
Knowing that the neit tranaite of VenuB woiild occor in 
1761 and 1769 he urged astronomers who should be 
then living to make accurate observations of them for 
this purpose. Experience afterwards showed, that the 
times of total ingress and the beginning of egress could 
not be observed with certainty nearer than three or 
four seconds. 




Fig. as. 

171. The exact calculations connected with the problem 
of calculating the sun's distance from an observation of 
the transit of Venus are ve^ complicated. It is done 
in the following manner. Let V be Venus in inferior 
conjunction to the sun near the node of her orbit, and 
A and B two stations on the earth's surface, one as near 
to the north pole, and the other to the south pole as pos- 
sible. As Venue is then retrograde (98), her apparent 
motion with respect to the sun will be in the direction 
PQ, or from left to right of the figure, and her apparent 
velocityacross the sun's disc will be that with which the 
sun and Venus move to meet each other, and which is 
at that time about 4" in a minute of time. Now, al- 
though we are not supposed to know the actual dis- 
tances of Venus and the earth from the sun in miles, 
we know (Art. 96) the m^io of these distances, and con- 
sequently the ratio of VD to AV, this is as 723 to 277, 
or in the proportion of 2-61 to 1. We also know the 
distance between A and B in miles. Now, th« obwrver 

K 
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at A will Bee Yeniis to cross the son's disc in the line 
PQ, and the obeerrer at B will see the transit to take 
place in the line MN" parallel to I^ ; let SDC he the 
perpendicular to these lines from the centre of the ann 
—DC, in miles, will be to AB, in nulea, as VD is to 
VA, or as 2-61 to 1 . Conseq^nently the numher of miles 
in DC is known. The observera at A and B noting the 
times of the beginning and ending of the transits at the 
two placea can ascertain the duration of the transit* 
PQ, MN, and knowing the timea of describing the 
spaeea PQ, MN" and the velocity, 4" in a minute, wo 
taow the number of seconds of ate in these spaces; we 
also know the number of seconds of arc in the sun's ap- 
parent diameter, consequently the ratios of CN to SN" 
and of DQ to 8Q or the sinea of the angles NSC, Q8D, 
and consequently their cosines. Now if E be the sun's 
semidiameter in miles B eoa NSC— E eoa OSD = SC— 
8D = DC (which is known) consequently E (in miles) 
= DC divided by (cos NSC— cos QSD). 

Having found the number of miles in the sun'a semi- 
diameter, and the number of seconds in the angle which 
it subtends at the earth, we caa find the sun's distance, 
because the sun's semidiameter miles ; sun's distance 
in miles : : snn's semidiameter in seconds : 
Prom this may be deduced the sun's parallas 

172. To explain this method in 
another way, let us consider Venus 
and the sun as moving in the equa- 
tor, and that observations of the total 
ingress are made at two places in the 
terrestrial equator : let AB (Fig. 29) 
be the equator, 8 and V discs of the 
sun and Yenus, perpendicular to, and 
as seen from the equator. To a spec- 
tator at A the internal contact (or 
the total ingress) commences, when 
to a spectator at B the edge of Tenus 
is distant from the sun by the angle 
TBS. The difference then between 
tSie times of total ingress, t 




Fig. 89. 



from B and A, is the time of describing YBS by the ap- 
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pcoach of the saa and Tenae to each other, Yenua be* 
ii^ retrograde and the sun direct. Honce from this 
difference of tlmee, and the leie at ^hich YenuH and 
the sun approach each other, we find VB8. And the 
Bine of VBS ; sine of V8B : : Venua's distance from 
the sun : Venns's distance from the earth. The re- 
lation of Venus' s and the earth's distance from the sun, 
as fooiid by the method in Art. 9G, may he used. There- 
fore the angle V8B,* the angle subtended by the two 
places A and B at the sun is known, and consequently 
the angle the semidiameter of the earth subtends, will 
he found in a manner similar to that Art. 59. 

173. This Bimpliflcation of the problem may serve 
for an illustration, andto point outits superior accuracy. 
But the actual computation of the transit is Teiy com- 
plex, priaoipally on account of the inclination of Venua's 
orbit to the ecliptic, and on account of the situations of 
the places of observation at a distance from the equator. 
The accuracy of the method consists in this : that the 
times of internal contact can be observed with great 
exactness, and thence the angle VBS computed, and 
therefore ASB. 

At inferior conjunction, the sun and Venus approach 
each other at the rate of about 240'' in an hour, or 4" 
in a minute. Hence if the time of contact be erroneous 
at each place 4' of time, the angle YSB may be erroneous 

— ■- = ^ of a second, and therefore the limit of the 

error of ASB abont -|^ of a second.'' 

174. This method then in fact comes to the same as to 
find the angle at the snn, subtended by two distant places 



> For aictreme accaruy tfae<1<>t«Dce of the places A and B la to bg 
dioiiDiahed by the arc of the equatur, deacrlbed in tbe inteival oftba 
inpRuea at fach ^ lace. 

^ TliiB comu Co the same, as being able to observe a (bread ntlight 
((ha interral between tbe limbs ol Venos and the sun, when the (uroier 
has juet entered upon the boity of the aun) of only f of a aecond in 
breaJtta. Thug by the tranut of Venus we un probably meoiure ■ 
■mailer angle than by any othei method. 
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on tlie earth's surface ; but this angle can be det«nnmed 
much more accurately by the times of ingreee, than by 
the micrometer. On account of the difference of the 
apparent magnitudes of VenuH and Mercury, the inter- 
nal contact of the former can be determined mnch more 
aocnrately than of the latter. 

This method requires the difference of longitude of 
the places to be accurately known, in order to compare 
the actual times of contact. The longitude of the Cape 
of Good Hope being well ascertained, observations of 
the transit of Venus in, 1761, made there, were com- 
pared with many made in Europe, and the mean rrault 
gave the parallax " 8.47 aeconda. 

175. But it seemed more convenient not to depend 
on the knowledge of the difference of longitudes of 
two places. It appeared better to comparethe differences 
of duration at two places, at one of which the transit 
was lengthened and at the other shortened. If we 
assume the par^ax of the sun, which we know nearly, 
we can compute the difference of duration at any place 
from what it would have been, had it been obsCTvedat 
the earth's centre.' Since the parallax of Venus is 
greater than that of the sun, the former will be more 
depressed than the latter, and this difference will be 
more sennble, the nearer they are to the horizon, 
when the parallax of each is the greatest; consequently, 
when we remember that the motion of Venus relative 
to that of the sun is then from east to west, it is obvious 
that when the transit is about to commence near sun- 
set, Venus will be thrown down on the sun's disc, hy 
parallax, before the transit has commenced as seen from 
the centre of the earth ; if the transit end near sunset 
the planet, being now to the west of the sun, will be 
thrown off the sun's disc before it has really ended. 
The opposite effects will be produced if the transit be- 
gin or end near sunrise ; the beginning or ending of 
the transit will be retarded by the effect of parallax. 
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Hence we can compare the difference of duration at 
two places, at one of which the duration is ahortened and 
at the other lengthened. Thus we shall have a double 
effect of the parallax, and we can compare the com- 
puted result with the differoace observed. From the 
error we can correct the horizontal parallax aBsumed. 
The trauBit of Venus in 1769 took place on June 3rd, 
a day near the eummei solstice ; it waa observed at 
WerdbuB in Lapland, lat. 70° 22' N., and at the island 
of Otaheito in the South Sea, lat. 17° 25' 8. 
Assuming the buh'b parallax 8'83 seconds, 

By computation the duration was 

lengthened at Wwdhu 8, . . . 11"° 16'9 

Diminished at Otaheite, . . .12" lO'O 

Duration greater at WardhuH than 

at Otaheite, 23-" 26'-9 

By observation, 23" ICO 

This shows the parallax is less than the parallax 
assumed, and to make the observed and computed 
difference of daratiom agree, the parallas must be 
taken 8"-57. This last conclusion points out the accu- 
racy of which the method ia ausceptible. The differ- 
ence of excess of duration of 17" makes only a differ- 
ence of yWj of a second in the parallax. 

176. The obaervationa of the tranait of 1761 were 
not so well adapted for determining the eun'a parallax 
as those of 1769. From the latter the parallax was 
ascertained with greater ezactnesa. The mean of the 
results Bcems to give 8".57 the sun'a parallax at the 
mean distance, which probably ia within j^j of a second 
of the truth. The transit of 1769 occurring in the 
middle of aummer, very many places of high northern 
latitude were well situate for obaerving it, bat in 
all theae the duration was affected in the same way. 

The duration is most lengthened when the com- 
meacement is near sunset, or when the sun is near the 
western horizon, and the end near auurise, or when the 
mm ia near the eastern horizon. The duration of the 
transit in June, 1769, was about six hours. That the 
oommencement and end should take place under the 

L.3.i:-:ij,XAK>^k 



134 Elements of Astronomy. [chap. ix. 

cireumBtaneefl above mentioned, it evidently teqnired 
that the place of obaervatiou should have coneideiahle 
north latitude, hence Wardhua was selected. 

The duration ■would be most Bhortened when the com- 
mencement was near eunriso, and end near sunset, and the 
duration being only about six houTB', this required that 
the days should be shorter than the nights, and therefore 
the place must be on the south side of the equator, 
and such that the commencement must be after sun- 
rise, and end before sunset. Consequently the choice 
of situations was much ciroumacribed. 

Astronomers were therefore much at a loss for a 
proper place for observing this transit, when fortu- 
nately Otaheite was discovered. In consequence of 
which, the first of the celebrated voyages of Cook took 
place. The transit commenced at Otaheite about half 
past nine in the morning, and ended about half 
past three in the afternoon, and thus it happened during 
the most favourable part of the day. It has since been 
ascertained that the observations made in Lapland can- 
not he depended on, and consequently that the sun's 
parallax and distance, as determined from the transit 
of 1769, are inaccnrato. A parallax of 8"-57 would 
give the sun's distance 95,300,000 of miles. "We have 
reason to think that the parallax is 8'93", and his dis- 
tance 93,098,796 miles. 

The ratio of the distances of Mars and the earth &om 
the sun iefoundbythemethodof Art. 96, tobeasS: 2; 
consequently when Mars is in opposition to the sun 
the distance of the planet from the earth Is one- 
half of the distance of the earth from the sun. The 
former of these distances is found by the method noticed 
in Art. 60 ; hence thelatter is concluded to be 91,533,000 
miles, which would correspond to a parallax of 8-93" 
(note, page 50). Astronomers are anxiously waiting 
for the transit of 1874 to determine the matter accu- 
rately. 
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CHAPTER S. 

S yOE ASCEKTAIHIlfB THB BBCMHABOH — XCKAL 
craCLE — DIBTAMCBOFTHBPOLBPHait KKNITH — OBLIftUTtT 

OP ECUPTTC BIOHT 4SCBS8I0M' THAlfBIT TSSIRUMESl 

AtmUBE ASH iZmCTH DISIRCKENT — BaTJAIOSIAL— 
OBHE&TATORT CLOCKS. 

177. Previotolt to a more miimte atatement of the 
motions of the celcHtialbcidies,it will be necesBoryto give 
BOme account of the nature of the principal obaerva^ 
tionB, by which these motiona are ascertained, and 
of the ingtrumenta by which the obserrations are 

The most important observations, and which admit 
of the greatest accuracy, are those for the declination 
and right asceDsion. Having obtained the deoHnatioii 
and right ascension, or the position with respect to the 
celestial equator, wecan by spherical trigonometryobtain 
the longitude and latitude, or the position with respect 
to the ecliptic (see Chap. I.) The latitude and longi- 
tude of any of the bodies of the solar system, as they 
would be observed from the centre of the earth, are 
called their geoeentrio latitude and longitude. 

The astronomical tables give the distance of the body 
&om the sun, and its place, as seen from the sun, 
or its hflioemtric longitude and latitude, from whence 
we can compute its geocentric latitude and longitude, 
and compare them with those observed. 

178. The deelination of an object is best found by 
observing its distance, when on the meridian, from the 
zenith or from the horizon. This may be done by the 
miwoicir(;&(Kg. 30), which is a verticd graduated circle 
(see Art 195), made of brass, attached to a horizontal 
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axis passing tlirongh its centre. The axis is made to 
point exactiy east and vest, so that the circle mores in 
the plane of the meridian. A telescope is fixed to the 
circle in its plane, moves with it, and passes through 
its centre. The a: ' ' 
■wall, which is built 
north and south, or 
in the plane of the 
meridian; so that 
the plane of the 
circle is parallel to 
the wall, and nearly 
touches it. Bymeana 
of this a star is ob- 
served only when on 
the meridian, and 
as the telescope 
points to the star, 
the graduated arc 
■will show its angular 
distance from the 
horizon or the ze- 
nith. Either of „. 
these distances being 

found, if we previously know the distance of the pole 
from the zenith of the place, or the co-latitude, we find 
by addition or subtraction the distance of the object 
from the elevated pole, and consequently its declina- 
tion. Thus it is cndent that the distance of the star 
from the North Pole, when on the meridian, is equal 
to the co-latitude + the zenith distance. Similarly the 
co-latitude ± the declination is equal to the altitude. 
There is an advantage in using the polar distance 
instead of the declination, because in the former there 
ia no ambigoity ; but when the declination is used, it 
is necessary to note whether it be north or south, the 
sign + being used in the former case, - in the latter. 
Accordingly many astronomers use in their catalogues of 
stars north polar distances instead of declination : thus, 
if the declination be 20° S.its north polardistanceia 110°. 
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It mast be nnderatood that the zenith distance, or 
altitude observed, is to be corrected for refraction, and 
by BOme other small quantitieB, as eometimeB for paral- 
lax (to reduce it to what would be observed at the 
earth's centre), for aberration of light and. natation of 
the earth's axis ; which correetiona are usually obtained 
frova tables. 

179. The distance of the zenith, Z, from the pole is 
found by observing the zenith distance of a star that 
does not set, when on the meridian above and below 
the pole ; thus let Zp (Fig. 5, p. 35), be the zenith dis- 
tance, corrected for refraction, of a star, when on the 
meridian above the pole, N; and Z^'the zenith distance 
corrected for refraction, when below the pole N; then 
ZK = Zp + pN and ZN = Zp' - /N - Zp' - pS. 
Hence 2ZN' "Zp + Z^. NO, as we have seen (Art. 
89), is equal to the latitude of the place, and therefore 
ZN ia the complement of latitude. Hence, the obserra* 
tions for ascertaining the distance of the pole from the 
zenith give ub the latitude of the place of observation. 

By repeating this observation for the same star, and 
for different stars, a great many times, the distance of 
the pole from the zenith may be had with great exact- 
ness, that is, with good instruments, to a fraction of a 
second. This element being once established, we are 
enabled, as stated above, to obtain by observation the 
declination or polar distance of any celestial pheno- 
menon. It is necessary in this mode of observation 
to know with some degree of exactness when the 
object is at the meridian ; this will be explained 



180. In computing the longitude and latitude of an 
object, from knowing its right ascension and declina- 
tion, we use the obliquity of the ecliptic. The obli- 
quity of the ecliptic is found by observing the greatest 
dechnation of tiie sun. If many declinations be ob- 
served when the sun is near the solstice, each of these 
may by a small correction be reduced to the declina- 
tion at the solstice, and the mean of all taken. The 
advantage of this is, that the declination observed 
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Tithin a few days of the solstice may easily be reduced 
to the greateat declination, without knowing with great 
aoemraey the right ascenwon of the sun. "fiie Buinin« 
Bolstice is tK> be preferred to the winter one, on account 
of refraction being more nncertain at lower latitudes, 

181. To aaoertain the right ascension of an object, 
it is necessary to find the arc of the equator inter- 
cepted between the firet point of Aries and a secondary 
toitpassing through the object : for thispurpoee we make 
use of a portion of duration, called sidereal time. The 
whole concave surface appears to revolve uniformly in 
twenty -four hours of sidereal time, and any portion of 
the equator is measured by the sidereal time elapsed 
between the passages of its extremities over the meri- 
dian : thus the extremities of an arch of^l5° pass the 
meridian at an interval of one hour. Hence we con- 
<dade that the difference of right asceusioa of these 
extremities is 15° or one 
hour: so that the right 
ascension of any object is 
measured by the portion 
of sidereal time elapsed 
between the passages or 
transite of the first point 
of Aries (the intersection 
of the ecliptic and equa- 
tor), and of the object 
over the meridian. Hence 
if a clock be adjusted to 
show twenty-four hours 
during the rotation of 
the concave surface, and 
commence its reckoning 
when the first point of 
Aries is on the meridian, _ 
it will shew the right 
ascension of all the points 
of the concave surface on the meridian at any time ; and 
■11 that is necessary to ascertain the right ascension of 
any object is to observe the time shown by the dock 
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when that object paeies the meridian. This time iB the 
right asceneion, fuid being multiplied by IS, gives the 
right ascension in degrees, &c. 

The instroment by which the time of the transit over 
the meridian is accurately observed, is called the Tran- 
sit Instrument (Art. 196), which ia a telescope mounted 
upon an axis at right angles to the tube, which axis is 
horizontal and points due east and west, and in observa- 
tories is supported upon two stone piers, so that the 
telescope as it moves is always in the meridian (Fig. 31). 

182. The declination and right ascension of celestial 
object, S, may also be obtained by observationB made 
out of the meridian ; thus if we observe the zenith dis- 
tance ZS, and the azimuth, SZN, knowing the colati- 
tnde ZN we can calculate the side Nfi of the spherical 
triangle ZKS, that is the polar distance, and the angle 
ZNS, that is the hour angle of the star, and if we know 
then at the same time, by some means, the hour 
angle of the first point of Aries, or the sidereal 
time, we also get the difference of these, the right as- 
cension of the object. The instrument used for observ- 
ing the altitude and azimuth of an object, is called an 
Altitude and Azimuth Instrument. Its essential parts 
are a horizontal divided circle, which by the aid of a 
spirit level can be placed exactly horizontal, so as 
to represent the plane of the horizon ; in its centre 
it bears a vertical column, pointing towards the zenith, 
and bearing another circle parallel to it, and there- 
fore representing a vertical circle. Attached to the 
axis of this circle, and revolving round it, is a tele- 
scope connected with an index, by which the direc- 
tion of the telescope can be ascertained from the reeding 
of the circle. The vertical column, which, together 
with the vertical circle and the telescope, revolves 
likewise on its axis, carries another index, which indi- 
cates the position of the column, and thus the direction 
of the vertical circle. If then the readings are known 
which correspond to the meridian and the zenith on the 
two circles, the two readings of the circles, when the 
telescope ia directed to an object, give its zenith dis- 
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tance and azimuth. Usually, however, the observa- 
tiouB of the azimuth and zeuith distance are not used to 
determine the deolinatioD and right ascensioa of objects, 
BB there are better and more direct methods for finding, 
these, but rather to determine from the observations of 
Btare, whose declination and right ascension are known, 
the zenith distance of the pole, or the colatitude, and 
the hour angle of the object, and Irom it the sidereal 
time. But at the Greeuwich Observatory there is 
actually each an inetrument in lise for observing the 
moon, and which was specially built for this purpose, in 
order to multiply in a lai^e ratio the obserrations which 
can be made from month to month on the moon. 
Although meridian observations are the best for ascer- 
taining the position of heavenly bodies, yet the mooa 
cannot be observed there some days before and after 
the new moon, iu consequence of the proximity of that 
body to the sun. Besides this, at the moment of tran- 
sit at other parte of the month, the observation is often 
rendered impossible by a clouded sky. An altitude and 
azimuth instrument of a special construction was there- 
fore conceived by Mr. Airy, which allows the obser- 
vations of the moon to be made whenever the aky is 
clear, and which by the advantages of its construction 
renders the observations as reliable as meridian obner- 
vations. 

1S3. There is also a method of obtaining both the 
declination and right ascension at the same time, by 
an instrument called an Equatorial Instrument. Al- 
though this, when well executed, ia a very valuable 
instrument, yet it is too complicated to admit of the pre- 
cision required in determining the places of heavenly 
objects, although very perfect instruments of this kind 
may be used to determine the differences of the places of 
objects which are not too far apart, In order to con- 
ceive an idea of such an instrument, we may suppose an 
altitude and azimuth instrument, mounted so as to make 
the formerly vertical axis become parallel to the axis of 
the earth, so that one of theoircles is parallel to the equa- 
tor, and the other perpendicular to it, representing there- 
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fore a declination circle. It is thus that all large 
telescopes are now mounted. It affords this advantuge, 
that when the telescope is once directed towards an 
object, it con be followed as long as we pleaee by a 
single motion — namely, by merely turning the whole 
instrument round on its polar axis; for the telescope 
remaining always pointed to the same polar distance, 
describes then an arc of a small circle in the hearens 
coincident with the star's diurnal path. With all the 
large equatorials a clock-work movement is used for 
turning the instrument round on ila polar axis; and if 
it« velocity is bo regulated that it is exactly equal 
to the velocity with which the earth revolves on 
its axis, it is evident that when the telescope is di- 
rected towards an object, and the clock-work is going, it 
will follow exactly the diurnal motion of this object, and 
therefore keep it in the field of the telescope for whole 
hours in succession. This kind of mounting affords 
also the readiest means of bringing any object into the 
field of the telescope, as it is only necessary for this 
purpose to set the declination circle at the declination 
or polar distance of the object, and the other circle, 
which is called the hour circle, at the hour angle of the 
object, which is always the difference of the sidereal 
time, and the right ascension of the object. The obser- 
vations made with such an instrumentof the places of ob- 
objecte are only ofa differential nature. They are provided 
with micrometers, by which the difference* of right as- 
cension or declination between the object and a neigh- 
bouring fixed star are determined : the position of the 
latter is previously known, or may be observed at leisure. 
184. The intersection of the ecliptic and equator not 
being marked on the concave surface, we must, for 
regulating the clock, make nse of some fixed star, the 
right ascension of which is known : the clock may be 
put nearly to sidereal time, and the exact time being noted 
when a star, the right aseension of which is known, 
passes the meridian, the error of the clock will be 
known. Thus if the clock show 1" IS" 14% when a 
star, the right ascension of which is 1" 15" ICT, passes, 
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the error of the dock will be 4', and every right ascen- 
non obBerred must be corrected by this quantity. 

185. It is eyident that the right ascensioD of aome 
one star being knovn, the right ascensioiu of the 
rest may be obtained with much facility. The method 
vhich follows has been used by Ur. Flametead, and by 
astronomers in general, to obtain the right aacension of 
a Aquils. 

"When the san between the vernal end autumnal 
eqainoxee has equal decliaations, its distances in each 
case, from the respective equinoxes, are equal. We caa 
ascertain when the sun has equal declinations, by ob- 
serving the zeoith distances for two or three days, 
soon after the vernal equinox, and for two or three 
days about the same distance of time before the au- 
tumnal, and then, bj proportion, ascertain the precise 
time when the decliaations are equal, aasuming that 
the changes iu right ascension are proportional for very 
short periods to the changes in declinatiou : at these times 
also we can ascertain, by proportion, the differences of 
tiie r^ht ascension of the sun and some star, by ob> 
■erving the differences at noon for two or three days, 
assuming that the rate of the sun's change in right as- 
oension is uniform during the interval. 

Let E = the right ascension of the sun, soon after the 
Temal equinox, then 180° — E = its right ascension 
before the autumnal, when it has equal declination. 

A = the right ascension of the star in the former in- 
stance. 

A -I- ^ = the right ascension in the latter. 

"We obtain by help of observations A - E and (180*- 
E) - (A + p). Let these differences of right ascension 
be D and ly, that is, 

A-E = D 
and (180° - E) - (A +p) = IV. From which we can 
determine E and A. For, adding these equations 
_ 180'-(D + D')-p 



180' - 2E - ;> = D + D' or E = - 

vaJ 

e i 
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betveen tbe times of equal declinatioQe, aad is there- 
fore known from the tables of preceaaiOD and aber- 
ration, &C. 

This kind of observation may be repeated many times 
for the same star between two euoeeseiTe equtnoiea, 
and likewise in different years; and, by taking a mean 
of many resnlte, great precision will be obtained. 

The advantage of this method is, that, the snu's 
Benith distance being the same at the two times of ob- 
aerration, any error in the iastrument will probably 
affect equally each aenith distance ; and therefore we 
caQ exactly find when tlie deolinationa are the same, 
althongh we are not able to ohserre tbe declination 
iteelf with the greatest accuracy. In fact it is only the 
ehang» in declination which we have to measure, which 
is independent of a knowledge of the latitude of the 
place or the sun's declination. 

186. The conatructionof clocks for astronomical par- 
poses has arrived at such a degree of perfection, that, 
for many months together, their rate of going can be 
depended on, to less than a second in twenty-four 
honrs. This accuracy has been obtained by the nioa 
CKecutioa of the parts, in consequence of which the 
errors from friction are almost entirely avoided, and, 
by using rubies for the sockets, and pallets, where the 
action is most inoessant, the effect of wear is almost en- 
tirely obviated. But the principal source of accuracy 
is the construction of the pendulums, which arc so con- 
trived, that even in the extremes of heat and cold they 
remain of the same length. This is generally effect^ 
by aoombination of rods of two diiCerent metals, differing 
considerably in their expansive powers. They are so 
placed as to counteract each other's effects on the length 
of the pendulum. Formerly brass and steel were used, 
the former ezpanding much more by heat than the latter. 
In this construction nine rods or bars were placed by the 
side of each other, and the pendulum, from its appear- 
ance, was called a gridiron pendulum. A composition 
of zinc and silver is now frequently applied, instead of 
brass, on account of its greater expansion, by which five 
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bars are made to serve. Other constructionB are also 
used, for preeerring the same length in the pendnlnm, 
but not BO commonly. Mercurial pendulums are also of 
great use, which consist of a steel rod having at the 
lower extremity a vessel with mercury, the mass of the 
mercury being so adjusted that its expansion upwards 
neutralizes the effect of the expansion of the bar down- 
wards, BO that the length of the equivalent simple pen- 
dulum remains unaltered. 

187. Aclock of this description IB absolutely ueces- 
sary for an observatory. It is regulated to sidereal time, 
and the hours are continued to twenty-four, beginning 
when the vernal intersection of the ecliptic and equator 
is on the meridian ; and not, like common clocks, at 
noon. But, however well executed the clock may be, 
it is depended on only for short intervals j the time it 
shows being examined by the transit of fixed stars, the 
right ascensions of which have been accurately settled. 
For this purpose the right ascensiona of a number of 
stars have been determined with great exactness, and 
the places of these stiLrs, called itandard stari, are given 
for each ten days in every year in all Astronomic^ Al- 
manacs. Several of these may be observed every day, 
each observation pointing out the error of the dock ; 
and the mean of the errors will give the error more ex- 
actly. Nothing more, then, is necessary for determining 
the right ascension of a celestial object than to observe 
the sidereal time of its transit by the clock : that time, 
being corrected, if necessary, by observations of the 
standard stars, is the right ascension. 
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HETHODB OF ASCEBTAINIKO MDIOTE POKTIOKS OF CIKCO- 
LAB ABCS — ASTBONOHICAL QUAIIKAKI — UUKAL CIKCLR — 
TEANsn IMSTEnMKNT — UESIOIAN CIBOLE — METHODS OF 
FIHBIHO THE UBKISIAN. 

188. As the area or limbs, as they are called, of 
astronomical inBtruments, are never divided nearer than 
b) every five or tva minutes, it is necessary briefly to 
explain the methods by which smaller portions may be 
ascertained : there are two methods now principally 
used, 1, by a vernier ; 2. by a microeeope. 

189. The Vzbkieb.— The first method is of more 
general use than the other, and is applied to a great 
Tariety of philosophical instmments, such as the Baro- 
meter. It is named after itB mrentor. It will be easily 
understood by an instance. Let the are U (Fig. r~' 




Tig. 82. 
be divided into equal parts, M, Am, mn, np, Ac. each 
20', and let it be required to ascertain smaller portions, 
for instance, the distance of F from ^A. Let another 
circnlar are, called the vernier, 7° long, slide upon the 
arch It, and let it be divided into twenty equal parts, that 

is, each part - —^- = 21'. If these parts be he, ed. 
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Ae, &c. thea the division, d ooiaoiding with the diviaioo 
m, the division c will be (21' - 20') or I' beyond the 
division »; the division bV beyond the division p, &o. 
So that in this way wo can ascertain portions of \','^, 
£c., although the ares themselves are divided only 
into portions of 20 '. To apply this, suppose it were re- 
quired to ascertain the distance of P mm pk : let the 
vemiei' be slided till its comnMOcement i coincides with 
P, then it will be Been what division of the vernier coin- 
cides vith a divijum of the limb: the divisions of the 
▼eroier are numbered from its beginning 0, 1,2, 3, &a. 
The numbCT of the coinciding division of the vernier will, 
it is mnniftist, show the distance of the commenceiaeiit of 
the vernier from the division on the limb or PA. In tho 
application of this instrument to aetronomica! purposes, 
the vernier is bo attached that its commencement, or point 
of Zero, as it is called, is always brought by the process 
of making the observation to the point from which the 
reading is to he made. In other applications, in the ba- 
rometer, for instance, the commencement of the vernier 
is to be moved to that point. 

This method of ascertaining the extent of small arcs 
is more frequently used where the measurement is only 
to bo made to the nearest minute, but it may be readily 
applied to ascertain much smaller portions. Thus, if 
the limb be divided into portions of 20', and a vernier 
= 19° 40' he divided into sixty parts, each of these 
parts will be 19' 40"; and therefore aa interval on the 
limb exceeds an interval on the vernier by 20'', and so 
a space of 20" is ascertained. 

Again, if the limb be divided into parts of five 
minutes each, anda vernier = 4° 55' be divided into 
sixty parts, each of these parts will be 4' 55" : and 
therefore an interval on the limb exceeds an interval 
on the vernier by 5". 

190. If great accuracy is required in reading off a 
circle, a reading microscope is used for this purpuse 
instead of a vernier. This consists of a compound mi- 
croscope firmly placed over the limb and attached to 
some portion of the instrument which does not portici- 
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pate in the motion of the circle. The axis of the micto- 
Bcopo is placed perpendicular to the limb, and a vixe 
is placed ia its focus so that it and the image of the 
division lines oathe limb are distinctly Tisible together. 
The wire can be moved by a micrometer screw whose 
head is divided into 60 equal parts, and is read off by 
means of a little index. Supposing, then, the division 
.lines on the limb to be two minutes apart, the distanoe 
of the microscope from the limb is bo adjusted that ex- 
actly two revolutions of the screw carry the wire from 
one division to the next, so that, therefore, every part 
of the division on the screw head represents one second, 
and we may readit off by estimation to 1*0 of a second. 
If we imagine, then, the screw to be turned so that its 
index reads zero, the position of the wire in this case 
corresponds exactly to the index P in the case of the 
vernier, A little round mark inside the microscope is 
placed so as to be bisected by the wire in this position, 
while other smaller ones are plaeed at the distance of 1 
and 2 minutes. If, then, the circle is to be read off in a 
certain position, we look into the microscope and place 
the wire by turning the screw on the neai-cst division 
line on the limb which precedes the zero mark in 
the microscope. The reading of the head gives then 
the number of seconds, which must be added to the 
minutes read on the circle — only, if the zero mark 
should be over one minute distant from the nearest line 
on the limb, which is easily ascertained by theother marks- 
in the microscope, one entire minute must be added to 
the reading of the circle. 

191. The AarEOHOuicAX QuA»EiHTAin>CiECLE. — The 
quadrant for measuring zenith distances is moveable 
on a vertical axis, or fixed to a solid wall in the plane 
of the meridian. In the latter case it is called a mural 
quadrant. The telescope, which is moveable about the 
ocntre of the quadrant, has an index, usually a vernier, 
fixed to it, and moving on the divided arch of the 
quadrant. The plane of the quadrant being perpendi- 
cular to the horizon, and in the same vertical circle as 
the object, the telescope is moved till the object appeata 
la ,- . 



Elements of AsironofAff. [chaf. xi. 



148 

near the centre of the field of view, touching ar bisected 

by a ivire, placed m the principal focns of the telescope, 
parallol to the horizon, or at right angles to the plane 
of the quadrant The arc then between (o) on the 
vernier, and the lowest point of the qaadrant firom 
■which the divisions commence ( (o) of the arc), shows 
the zenith distance, provided the radius passing through 
(o) of the arc he vertical, and provided also that the 
line of collimation of the telescope be parallel to the 
radius passing through (o) of the vernier. The methods 
of ascertaining the exact place of the arc, pointed oat 
bj- (o) on the vernier, have been shown in Art. 1 89, &q. 
The radius passing through (o) of the arc is generally 
made vertical, by help of a plumb line. The pliimb 
line bisecting a point near the centre of the quadrant 
is made to bisect another point on the arc, by moving 
the quadrant in its own plane. These two points are 
placed by the maker par^lel to the radius, passing 
through (o) of the arc. 

1 92. The line of eollimation of a telescope is the line 
joining the centre of the object glass, and the place of 
the hnage in the principal focus : this is the true di- 
rection of the object, in which it would be viewed by 
the naked eye. Hence it is evident that this line oi^t 
to be parallel to the radius passing through (o) on the 
vernier, that the angle measured by the distance of (o) 
on the vernier from (o) on the quadrant may show the an- 
gle contained by a vertical line, and the line of direction 
passing through the object, which angle is equal to the 
zenith distance of the object. 
■ Thus OP (Fig. 83) represents 
theplnmb line passing over two 
points. The line which joins 
these points is parallel to the 
radius CL, passing through (o) 
of the arch. The dotted line 
DI is the line of collimation i 
parallel to the radius CV pass- 
ing through (o)ofthev"-'- 




Rg. 83. 



LY measures the zenith distance of the object, the 
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image of which is at I, The Temier being fixed to 
the telescope, the radius CT, while the telescope moves, 
always preserves the same relative position to the line 
of collimation. The position of the line of collimation 
most always be scrupnlonsly attended to, and, if erro- 
neous, must either be adjusted by moving the wire in 
the foona of the telescope, or the error allowed for ; the 
latter is generally better, when the error amounts only 
to a small quantity. 

1 93. To enable the observer to ascertain the error of 
the line of collimation in those quadrants ttat move on 
a vertical axis, the arc is continued several degrees 
beyond (o) (Fig. 33) as PS, and the zenith distance of 
the same object is to bo observed with the arc of the 
instrument facing different ways. Thus, when a star 
near the zenith is observed, let CT (Fig. 34, a.) be the 
radius, parallel to the line of collimation of the tele- 
scope, CVthe radius passing through (o) on the vernier. 
Then LV is the arc read off or observed ; which is too 
little by TV. Let the quadrant be moved on its vertical 
axis half round : the position of the above lines will be 
as in Fig. 34, h. Then, that the telescope may be di- 



( a. ) 



I S ) 




Fig. 34, a. Fig. 34, i. 

rected to the same star, it must be moved over the arc 
TT', till it is parallel to its former position CT (Fig. 
34, a), so that L'T' = LT. The point V is transferred 
by the motion of the telescope to V, &c. The arc now 
measured is V'L' too great by TT' = VT. Hence 2VT 
(double the error of the line of collimation) = difference 
of the zenith distances of the same star observed in the 
two positions of the quadrant. 
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194. In modern times qaadrante have been entirely 
superseded by circles, by which greater accuracy con be 
obtained than by the former, even -when the cUameter 
of the circle is far less than the radius of the quadrant. 
This is especially due to the fact that the error arising 
from the centre of the diTision not coinciding with the 
eentreofrevolutionof the telescope to which the vernier 
is firmly attached, which is called the error of eccentri- 
city, is entirely eliminated by thereadingof tivo opposite 
verniers. "We will suppose that C is the centre of the 
division, and K the a 
revolution of the t 
and a and J thepointsof the 
circle read on the vernier 
when the telescope is di- 
rected towards the objects ' 
A and B. Then the angle 
which we wish to measure 
is BKA, while the angle 
read on the circle is ICa. 

But if there should be ano- *"''■ ^^■ 

ther vernier opposite the first, the points of the circle 
read on thia vernier would be a' and h' — that is, we 
should read the angle a'Ci' instead of a'Ki'. But the 
<Hie angle is as much too large as the other is too little, 
and, therefore, the mean of the readings of two opposit* 
verniers is free from the error of eccentricity. It is for 
this reason that all circles are supplied with opposite 
verniers. Usually even there are four at equal die- 
tances, the meaji of which is used so as to render the 
reading more free from any error of division. An entire 
drcle has also the advantage that the line of collimation 
may be found by observing a star at any distance from 
the zenith, with the face of the instrument turned dif- 
ferent ways, the change of the zenith distance of the 
star during the interval between the two observations 
bwng of eouTBO taken into account. 

195. KnEAL CiBCLE. — If such a circle is fiied to s 
solid wall in the plane of the meridian, it is called a 
mural circle. It is usuaUy from four to six feet in 

L;3.i:-:ij,XAK>t;k 



CHAP. SI.] Mttral Circks, 151 

diameter, and revolves on a horizontal axis ineert^d in 
a stone pier. The reeding microecopea, four, or some- 
times six in number, are placed at equal distances, and 
firmly attached to the pier (Fig. 30), In order to make 
an obaervation with the mural circle, the tekecope ie di- 
rected towards a star at the time it passes the meridian, 
and the telescope is then moved in altitude until the atar 
is exactly bisected by a horieontal wire inaerted in the 
telescope. The circle and microscopes are then reed ofT, 
but in order to obtain irom this reading the zenith dis- 
tance, it is neeeaaory to know the zenith point on the 
limb of the circle. This is found either by obaerving a 
atar direct as well ae reflected from the aurface of an 
artificial horiaon or by determining the nadir point. In 
the first method a vessel with mercury is uaed, so placed 
that the image of the pole etar* reflected from the 
mercury can be aeen in the telescope. The telescope ia 
then moved until the horizontal wire bisects the image 
andinthia position the circle is read off. Afterwards the 
star is observed direct, and the circle read also in this 
position. As the aurface of the mercury ia horizontal, 
t^e depression of the reflected image of the atar is as 
much below the horizonas the star itself is above it, and 
therefore the are of the limb intercepted by the two 
readings, is ei^ual to the double altitude of the atar, 
while the mean of the two readings gives the horiaontal 
point of the circle, and thua, by adding 90°, the zenith 
point. By subtracting this from the reading of the 
circle when a star is bisected by the horizontal wire of 
the teleacope, we obtain the zenith distance, and, if the 
latitude of the place is known, also its polar distance. 

In order to find the nadir point, the telescope is di- 
rected vertically downward, and a basin of mercury 
placed directly under it. An observer looking into the 
telescope aeea then, if light ia thrown upon the wire by 
a lamp, besides the horizontal wire, its reflected image, 
and whea the telescope is moved so as to bring these 

a anfficieatlj long in the 
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two in coincidence, the telescope is directed exactly 
towards the nadir, and the reading of the circle gives 
therefore the nadir point, irom which we obtain the 
zenith point by adding 1 80°. 

In modem times mural circles hare been superseded 
in many obserrutories by meridian circles, inetrumente 
first introduced in Oermany, which are a combination of 
the mural circle and the transit instrument, and allow 
the observations formerly mode with these two inslra- 
ments, to be done by the same obserrer (Art, 199). 

196, Tkansit Inotecment. — The transit instrument, 
(Fig, 32), as before stated, is a telescope fixed at right 
angles to a cross axis. This axis is plaeed upon horizon- 
tal supports, upon which it turns. The instrumeat is to 
be BO adjusted that the lineof collimation, when the tele- 
scope is turned with its axis, may move in the plane of 
the meridian. In the principal focus of the object 
glass are placed five or seven wires, parallel to each 
other, and perpendicular to the horizontal axis. One 
Of two wires bisecting the field of view are also usually 
placed at right angles to these. 

In Fig. 36 the wires of a traiuat instrument are 
represented. 

To make the centre wire Crf 
move in the plane of the me- 
ridian, three adjustments are 
necessary. , 

Ist. To moke the axis level. 
This is done by a spirit level ' 
placed upon the axis, the incli- 
nation of which can be corrected 
by adjusting screws attached to 
one of the supports of the axis. 
2ndly. To mate the line of 
collimation — that is, a line joining C and the centre 
of the object glass, perpendicular to the axis. This 
is done as follows : — Let the image of a distant object 
be bisected by the middle wire, and then take the 
axis off its supports, and reverse it ; if theimageis then 
bisected, when the telescope is again tnmed to the 
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object, the line of collimation is exact ; if not, half 
the error muat be corrected by moving the system of 
wires, Mid half by moving one of the supports of the 
axis. There is a provision for both tliese motions. 
The axis being again reversed, will verify the adjust- 
ment. 3rdly. The line of collimation is to be placed in 
the meridian. This is done by observing the transit of 
the pole star, above and below the poie. When the 
corrections for level and collimation have been accu- 
rately made, the middle wire of the telescope repre- 
sents a vertical circle, and in order to represent also the 
meridian (that is, the vertical circle passing through the 
pole), it should exactly bisect the small circle which 
the pole star describes in 24 hours. The azimuth of 
the instrument must, therefore, be changed until the 
interval between the observed times of upper and 
lower culmination of the pole star is exactly eqnal to 
the interval between the lower and upper culmination. 
The adjustment is done by screws, which move one 
of the supports of the axis in the plane of the me- 
ridian. The adjustment may afterwards at times, 
when the pole star cannot be observed, be controlled 
by the help of a mark placed at a considerable dis- 
tance, for instance at the distance of one or two miles, 
in the direction of the meridian of the centre of the in- 
strument. The same mark will also serve for adjusting 
the line of collimation by the reversing oi the in- 
strument, as explained before. 

197. The use of the transit instrument is to deter- 
mine the right ascensions of the celestial bodies, and 
also the mean and apparent time. In observing the 
right ascension, the telescope is nsnally directed to 
the object By help of a divided semicircle, placed at 
one end of the axis, on which an index attached to, 
and perpendicular to the axis, consequently paraUcI to 
the fine of coDimatioii, moves ; this index is to be set 
to the polar or zenith distance of the object, according 
as the semicircle shows polar or zenith distances. 

This being done, the time of passage of the object 
Over each wire is noted by the cloek beating seoonds, and 
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showing sidereal time, placed near the transit instru- 
meat. The mean of the observed, times of passing cack 
wire is to be taken to show more accurately the time at 
the middle wire. The time of passing each wire may 
be observed with great accuracy, because the telescope 
magnifies the dinmal motion, so that at one beat of the 
clock a star may be observed on one side of the wire as at 
a, and at the nest beat at h. The eye is capable 
of pretty accurately proportining the intervals ac and 
he, so that the time may be n ted t t nth f a second, 
and the mean from the five w a ly d viates -^ of 

a second of time from the t uth 3 fa degree. 

Thus right ascensions may b d t rmined with nearly 
the same accuracy as zenith distan s f aa has been 
already shown, the time of the pa- ag by the clock is 
the right ascension, provided the clock shows accurate 
sidereal time. This is seldom the case, and ought 
always to be examined by observing some of the 
standard stars before mentioned (Art. 187), the right 
ascensions of which have been determined with great 
accuracy. 

198. The transit instrumeut serves also for finding 
the mean, and thence the apparent time. 

If the sun, instead of appearing to move in the ecliptic 
with an unequable motion, appeared to move in the 
equator with an equable motion, in the period of its 
motion ia the ecliptic, ite return to the meridian wonld 
each day be later than the return of a fixed star by 3' 
56'' nearly ; and a clock put to twelve o'clock, when. 
the sun was in the meridian, would, if rightly adjusted, 
always continue to show twelve, when, the sun, so moving, 
passed the meridian ; and the time pointed out by the 
clock would be mean time. 

The distance of an imaginary sun, so moving in the 
equator, from the vernal equinox, is equal to the mean 
longitude of the sun, or its mean distance irom the 
vernal equinox ; and this distance, reduced into time, is 
the right ascension of the imaginary sun. The meaa 
longitude of the sun is given in the Solar Tables for tiie 
beginniDg of each year, and the mean motion in lon- 
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gitncle, between the beginning of the year and eacb day, 
ia also given. Whence the meon longitude is known, 
which, reduced into eidereal time, at the rate of 15° for 
1 hour, gives the right ascension of the imaginary sun, 
after being corrected to reduce it to the true equinox, 
■ Hence, having the sidereal time, by a clock, or from the 
time shown by a clock corrected by observing the transit 
of a star, the mean time is readily found. For, the 
difference between the imaginary sun's right ascension 
at noon (the mean longitude of the snn converted into 
time), and the given sidereal time, is the sidereal time 
from noon : this is to be reduced into mean time, by 
diminishing it in the proportion of 24*' : 23" 66" 4M, 
or of 366 : S65 nearly. The mean time being found, 
the apparent time will be had by applying the equation 
of time, which will be explained hereafter. 

199. A JIekimam Cieclb is a transit instrument with 
a ^wiuated circle of usually three feet diameter attached 
to its axis, or, stil! better, for the sake of ^Tumetiy, 
having two such circles, one on each side of the axis. 
These circles are divided from 0° and 360° into two 
minute spaces, and are read bymicrometer reading micro - 
scopes, as described above, of which there are usually 
four on each side, which are firmly attached either 
to the two piers, on which the whole instrum.ent 
rests, or to the supports of the axis, which are firmly 
let in, and cementai to the piers. An additional mi- 
croscope at the level of the axis, which has a large field, 
taking in more than one degree of the limb, serves as a 
pointer for setting the instaTiment. In some instru- 
ments a small circle attached to the eye end of the 
telescope is used for this purpose. The arm bearing 
the vernier for reading this circle is furnished with 
a spirit level, and the zero point of the circle is placed 
so that when the telescope is directed towards the 
zenith, the bubble of the level is in the middle. If, 
then, the index is moved so as to read, for instance, 
20°, and the telescope moved until the bubble is 
again in adjustment, it will be directed to a point 
20° from the zenith, and thus this small circle serves 



156 Elements of Astronomy. [chap, xi. 

also as a pointer for setting the instrument at any 
zenith, distance. 

A meridian circle of this kind will BhortlT be mounted 
at the Dublin Observatory, in place of the transit in- 
stniment formerly in use. Tlie foca! length of the 
tcleecope ia 8 feet, ita aperture 6 inches, and the diame- 
ter of the circles 3 feet. 

Thewoodciit(Fig. 36a) gives an idea of this instrnment 
The weight with which the axis of such an instrument 
(and also a transit) rests on its supports is almost entirely 
relieved by counterpoises on the top of the piers, which 
act on levers, whose hooks support the axis ; the 
actual weight which presses upon the supports being thus 
reduced to about 15or 20 pounds. The adjuBtments of the 
instrument are the same as those of the transit, and the 
zenith point of the circles la found by the same methods 
as those given before for the mural circle. When a tran- 
ait of a star is being observed, the instrument ia firmly 
clamped by a clamping apparatus attached to the asis, 
and when the star is near the middle wire the elevation of 
the telescope is slowly changed by the aid of a microme- 
ter Bcrew, until the star is bisect-edby the horizontal wire. 
The reading of the circle gives then, in connexion with 
the zenith point, the zenith distance, and thus also the 
polar dist^ce of the star; while the moan of the 
observed times of transits over the wires leads to the 
knowledge of the right ascension of the star, as ex- 
plained before. 

200. Hbthodb of FinfDiKO a Mkeimaw Like. — The 
knowledge of the direction of the meridian ia usefol for 
several purposes, but absolutely necessary for adjusting 
a transit instrument. The first step, end that the most 
difficult, is to find it nearly : when this is done, it may 
easily be corrected by help of the transit instrument 
itself. Either of the two following methods, especially 
the second, will serve at once for fioding it aufflciently 
near for most purposes, except for the trauait iastTu- 
ment. 

201. On a horizontal plane describe several concentric 
oirclee of a lew inches in diameter. In the centre place 
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Fig. 38a, Meriditui Circle. 
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a wire, a few inches long, at right angles to the hori- 
zontal plane. Note in the forenoon the point where the 
shadow of the top of the wire Just reaches any of the 
circles, and watch in the afternoon the point where the 
extremity of the shadow again reaches the same circle. 
The arc intercepted between these two points being 
bisected by a radius, the radius will be in the direction of 
the meridian ; because the direotioa of the shadow ie in 
the plane of tJie vertical circle passing through the sun, 
and the sun has equal azimuths at equal distances 
from noon, unless aa far as the change of declination 
interferes. 

This meridian may be transferred to any near place, 
by suspending a plumb line directly over the southern 
extremity of the line drawn as above, and noting when 
the shadow falls on that line: at this time another 
plumh line, suspended at the place where the meridian 
line is required, will, by its shadow, show the me- 
ridian. 

The imperfections of this method of finding a meri- 
dian linearise from the inexact termination of the shadow, 
and from the change of the sun's declination in the in- 
terval of the two observations. The latter inconve- 
nience is least in June and December, near the solstices. 

202, In order to make this observation with more 
accuracy a quadrant, or circle, havingnn azimuth circle, 
is used, by observing equal altitudes on each side of 
the meridian, and thus bisecting the arc of the azimuth. 
If the Bun he used, allowance must be made for the 
change of declination, and it is of course required that 
the vertical asis on which the instrument turns is 
made exactly vertical. It is, however, by no means 
necessary that the instrument have an accurate division, 
or in fact any division at all, asit is only necessary to see 
that the elevation of the telescope is the same for 
the two observations. 

A good clock will serve instead of an azimuth circle, 
by observing equal altitudes of the sun era fctar, half the 
interval of time corrected (if the sun is observed) will 
show when the object was on the meridian, and thence 
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fte error of the clock vill be ascertained, and eo 
the time of the transit of any star may be computed, 
and the instrument adjusted at the time of that transit. 

If the telescope is furnished with a vertical wire, the 
meridian can also he found by observing the pole star 
at the times of its greatest distance from the meridian. 
These occur at those points of its diurnal path in 
■which the vertical circle is tangent to the diurnal circle, 
and therefore the pole star has at these times, for a 
short time, no motion in azimuth, but moves exactly 
upward or downward. It^ then, at those times, the 
pole star is watched until it seems to move exactly 
along the wire, and the azimuth circle is read in the 
two positions of the telescope, the direction of the 
meridian is again found by bisecting the arc of the 
azimuth. 

203. A portable transit telescope, turning on a 
horizontal axis, may also be used for determining the 
meridian. The deviation Irom the meridian of the 
telescope, approximately adjusted, may be found by 
observing the transits of a star near the zenith, and of 
the pole star. The transit of the former will give tlw 
sidereal time nearly; and comparing the time so found 
with the sidereal time given by the polar star, the 
difference, which may be considered as entirely the 
error from the pole star, will give the deviation from 
the meridian ; for the deviation in seoonda of a degree 
is to error in seconds of a degree of sidereal time 
of transit of pole star, as-the sine of the polar distance 
of the pole star to the sine of the zenith distance. The 
reason of considcrinj; the whole difference, as the error 
of the pole star, is, that when the deviation from the 
meridian is small, the error of sidereal time from a star 
southward of the zenith is very small, compared to the 
error from the polar star. This is a very convenient 
method of approximating at pleasure to the meridian. 
Indeed, it may be used for the adjustment of a lai^ 
transit instrument or meridian circle. The best me- 
thod, however, for this purpose is that explained be- 
fore, by comparing the times of continuance of a circum- 
polar star on the east and west sides of the meridian. 
, , , AiooyL 
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CHAPTER XII. 



204. Thb Telocity of light is the greatest velocity 
that has yet been ascertained. Astronomy furnishes 
two methods of measuring it. Without the discoveriee 
in astronomy, the velocity of light would have remained 
unknown. The eclipses of Jupiter's satellites, and the 
aberration of the fised stare, show us that the velocity 
of the reflected light of the bud, and the velocity of the 
direct light of the fixed stars, are equaL 

205. The elder Cassini suspected, from observations 
of the eclipses of Jupiter's first satellite, that light was 
not instantaneoue, but progressive. Roemer first fnlly 
established this fact, by a great variety of observations 
of the eclipses of the satellites of Jupiter, 

Let the mean motion of a satellite be computed from 
two eclipses separated by a long interval, Jupiter being 
at each at its mean distance from the earth. Then an 
eclipse, when Jupiter is approaching conjunction, and 
therefore farther from the earth, happens later than ia 
computed by the mean motion so detennined. When 
Jupiter is in opposition, it happens sooner than accord- 
ing to the mean motion so determined. 

From a great variety of observations, it appears that 
the velocity of light is such that, moving uniformly, it 
takes sixteen minutes to move over the diameter of the 
earth's orbit, or eight minutes in moving from the sun 
to us. This velocity is about 10,000 times greater than 
the velocity of the earth,' which moves nineteen miles 
in a second. (Art. 112). 

206. On IBB Abebbatioh ot tbb Fixxn Stabs ahs 
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Flaiteis. — Another proof of the yolocity of light is de- 
rived from the aberration of the fixed starB. The fixed 
Btars appear, by observations made with accurate instru- 
meats, to have a small annual motion, returniag at the 
end of a year precisely to the same place. A star near 
the pole of the ecliptic appears to describe about the 
pole a small circle parallel to the ecliptic ; the diameter 
of this circle is 40"-9. Stars ia the ecliptic appear t« de- 
scribe small arcs of the ecliptic 40"-9 in length. And all 
stars between the ecKptic and its poles appear annually 
to describe ellipses, the greater axes of which are parallel 
to the ecliptic, and equal to 40"'9. The axis minor is 
found by diminishing 40"-9 in the proportion of the sine 
of the star's latitude to radius. These phceuomena cannot 
take place from the parallax of the annual orbit, because 
by it the latitude of a star would be greatest when in 
opposition t« the sun, whereas then there is no aber- 
ration in latitude. 

207. Dr. Bradley, who first discovered this apparent 
annual motion, when endeavouring to discover the par- 
allax of y Draconis, also first explained the cause of it. 
It arises from the velocity of the earth in its orbit, com- 
bined with the velocity of light.' 

208. The application of a few mathematical principles 
enables us to explain and compute, with the greatest 
exactness, the Jaws of this phcenomenon, which, although 
not the most striking, is perhaps one of the most pleas- 
ingobjectsof astronomical contemplation. The apparent 
irregularities of the motions of the different stars might 
for a long time have bafSed the exertions of astrono- 
mers, had not the happy thought of applying the motion 
of light occurred td Bradley himself. 



■ Dr. Bradlev'B own account of this phonomenon U^ery Interest- 
ing, and is round in tna Phil. Trans, vol. 36. Bis obwrvations vtre 
made wilb a zeniLb sector. In the present state of astronomy, an 
inetnuneat, whether a quadrant or transit, that will not readily show 
the changes of the quantity of Bberrotion most be considered u a 
very iafehoi initrament. 
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Let 8A. (Fig. 37) be the direction of light coming 
from a fixed star, and entering the telescope AD, carried 
in the direction DEF, by the motion of the earth. If 
the directioD of the telescope be the same as the direc- 
tion of the rays of 
light, it is clear that 

aneyeatE, aHfrom 
the motion of the 
telescope with the 
spectator theywiU 
be all lost against 
the interior of 
the tube. But if 
the tube be inclined 
in the poeition DB, 
aothatBE:DE: : 
vel. of light ; vel. 
of the earth, then a 
lay SB parallel to 
SA entering the 
tube at B, will pass 
through the asis of 
the tube in motion, 
and be seen by the eye arrived with the telescope at £, 
while.the light is passing from B to E. The ray of light 
will be always found in the axis of the telescope, carried 
bythemotionoftheearth, parallel to itself. Thetelescope 
being in the position EC, the star is judged to be in that 
direction, although it be actually iu the direction EB, 
Hence BEC is the angle of aberration, and the abetra- 
tion is always toward that part of the heavens to which 
the earth is moving. As BE is above 10,000 tdmes 
greafer than DE, It foUows that the angle DBE must be 
very small, and therefore ite equal BEC, the aberration 
must be very small. It ia evident that DBE, and there- 
fore BEC, is a maximum when BDE is a right angle, 
because sin. DBE : sin. BDE : : DE : BE ; : vei. earth : 
vel. light, a given ratio. Therefore, when sin. DBE ia 
greatest, the sin, BDEia greatest — that is, when BDE is 
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a riEht angle. Then rel. of light : vel. of earth : : ain. 
90° : sit), of greatest aberration, and therefore sin. of 

^ . , Tel. of earth . „„„.. 

ffreatest aberr. = - -,— ir,.-r = sine 20"-45 nearly. 

Tel. of light. 
In general the sin. of BEC (ot since BEC is very small) 

the aberration - — '■ :r-r- . Bin. BDE or 20"-45 k 

vci. ol light 
sin. of the earth's way (the angle between the direc- 
tions of the earth's motion and of the star). 

209. It may illustrate this matter to consider the 
earth at rest (which may be done by giving to the earth 
and to the rays of light motions equal and opposite to 
that of the earth), and the light from the star to have 
motions in two directions, viz. the actual velocity of 
light in the direction BE, and another in a direction 
parallel and opposite to the earih's motion DE ; the 
motion of the light will be then in BB the diagonal of 
a parallelogram, of which the sides are BA equal and 
opposite to DE, and BE. 

To the naked eye the sensation must be the same, 
whether the light strikes the eye with a motion in the 
direction ED, or the eye strikes the light in the opposite 
direction; and therefore we may consider the light 
meeting the eye as coming in a direction compounded of 
two motions, that of light, and that of the earth, and 
therefore the same aberration takes place as in a tele- 
scope.' 

210. The direction of the earth's motion is always to- 
wards the point of the ecliptic 90° behind the sun, be- 
cause the earth's motion is in a tangent to its orbit which 
makes a right angle with the direction in which the 
sun appears, the orbit heit^ considered to be circular, 

• Xb« effect of Ibe joint [notions of ligbt and of theearEh ie com- 
niDnlj illuslrited b; lbs apparent motion of drops of rain fulling 
varticatly. If a man movee forward in Bucb a shower they appear lo be 
falling againtt bis face in a slanting direction ; or If a sbot is fited from 
■ battery against a ship moving at rigbt angles to the directlun of tba 
shot, tbe line joining the sbot boles will be inclined to (he keel, 
and the shot nill appear to pierce the ship as if it came from abutter; 
■liahtly a-head. /-■ i 

b2 ...Cuofili: 
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Hence siuce the stare appear to be throwB forward in 
the direction of the earth's motion, they all aberrate to- 
ward this point of the ecliptic, from which consideration 
tlie genere^ pbfBuomena of the aberratloa may be easily 
underet^od. 

The phenomena of the aberration may be also thus 
shown in a different way : 

Conceive a plane passiog through the star, parallel to 
the plane of the earth's orbit, and a line in diia plane, 
parallel to the direction of the earth's motion, the 
length of which is to the star's distance as the velocity 
of the earth to the velocity of light, the extremity of 
this line will be the place in which the star appears. 
Now we may consider, without sensible error, the orbit 
of the earth as circular, and its velocity as uniform ; 
therefore this imaginary line drawn from the star, 
parallel to the tangent to the earth's orbit, will be 
always of a constant length ; and as the tangent in the 
course of a year completes a revolution, this imaginary 
line will also, in the course of a year, complete a revo- 
lution, and its extremity describe a circle about the 
star. To a spectator on the earth, the star, in the 
course of a year, will appear to describe the circumfe- 
rence of this imaginary circle, the plane of which is 
parallel to the plane of the earth's orbit : and he will 
orthographically project this circle on the concave sur- 
face, by which it will appear an ellipse." To find the 
axis major of this ellipse, we are to consider that the 
diameter of the circle of aberration, perpendicular to a 
secondary to the ecliptic passing through the star, will 
be projected into the axis major of the ellipse. When 
the earth, seen from the sun, is in this secondary 
to the ecliptic, the line joining the star and earth. 



• Or the lines drawn rroni tha eartb to the star in the courea of a 
year, b^iig on accouat of Che star's enormooa distance taken to b« tba 
iima as tbosadrawD from [he sun to its sevora] positions, will descril>e 
an oblique cone on a circular base, which will be cut by the wlastial 
sphere in an ellipse, ihe semiaxis major of which is 20'.4S, and the 
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being perpendicular to the tangent to the earth's 
orbit, will be at right angles to the direction of the 
earth's motion, and therefore the a.berration will be 
then greatest, and equal to 20"-45 (Art. 209). Hence 
the Bemiaxia major of the ellipse is 20"-45. The star's 
longitude is most increaeed when the star's and aiin's lon- 
gitudes differ by 180°, and moat diminiahed when the 
longitude of the sun is the same as that of the star, the 
aberration being in tbe^ecasesa maximum, for the above 
reason, and takes place altogether in longitude. When 
the sun'B longitude exceeds that of the star by 90°, the 
radius of the circle of aberration being perpendicular to 
the direction of the sun as seen from the earth, is in the 
plane of the star's circle of longitude, and being parallel 
to the ecliptic, is diminished by projection on the concave 
surface, in the proportion of the cosine of the angle be- 
tween the plane of the ecliptic and the plane perpendicu- 
larto the lice joiniugthe earth and star, or, of the sine of 
the star's latitude, to unity. The radius of tbe imagi- 
nary circle, thus diminished, becomes the seniiaxis minor 
of the ellipse. The star's latitude Is most diminished 
wheu the sun's longitude exceeds that of the star by 
90°, and moat increased when tbe sun's place is 90° 
behind the star, the aberration in these cases being 
altogether m latitude. 

When the star is in tbe ecliptic, it is evident that 
the imaginary circle of aberration must be projected 
into a right line, or rather on arc of 40"-9. A star in 
the pole of the ecliptic appears to describe a circle 40"'9 
in. diameter, because the imaginary circle is not changed 
by projection. In practice it is necessary to compute 
the effects of aberration in right ascension and decli- 
nation. 

211. The aberration of a planet ia somewhat diffe- 
rent from that of a star ; for if the phmet's motion were 
equal and parallel to that of the earth, no aberration 
would take place. From the small velocity of the moon 
about the earth, compared with the velocity of light, no 
sensible aberration takes place with regard to its velocity 
about the earth ; and the moon and earth being carried 
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together round the sue with nearly the same velocities, 
no aberration from thenoe occurs in the place of the 

The hcst method of finding the aberration of a planet 
or comet, is by firat considering the effect of the earth's 
motion on the apparent place : this is the same as for a 
fixed star; and then the aberration arising from its own 
motion; this is readily computed; for the planet, sop- 
posing the eaith at rest, appears not in the place which. 
it oconpies when the light reaches the eye, but in the 
place it was in when the light left it, and therefore, by 
combining theee, it is easy to see that it ia only ne- 
cessary to compute the place of the planet for a 
time, so much earlier by the time that the light is 
coming from the planet to the earth; this will be the 
planet's place at the instant of observatioa. 

212. The velocity of light determined by the eclipses 
of Jupiter's satellites has been considered as esoctly 
the same as that determined by the aberration of the 
fixed stars." 

As we are certain of the velocity of light by the 
eclipses of Jupiter's satellites, and also that the conse- 
quence of that velocity, and of the velocity of the earth, 
must be an aberration in the fixed stars, we have, from 
the observation of the aberration, an independent proof 
of the motion oftbe earth. In recent times other measa 
of measuring the velocity of light have been disoovered 
by M. Fizeau, and M. Fourcault has obtained results 



• Tbe iriaxlinum ol sbemlioa deduced from the velocily orlight, 
a< deCermitied by the eclipxeB of Jupiter's eatelJUea, appears to ba 20'' 

Bradley himBelf, on ■ reviBion of hia observationa. fiied it al'20'. 
Bat Dr. Brinkley'i obaarvationa, made at tba Observatory of Trioity 
College, Dublin, witli the 8-feet ciicte, giva it go great aa 30"-80. 
M. Beasel, from Dr. Bradley's Greenwich obiwrvationg, makea it 
20" '71. LIndrnau, from obMcvaliuns oftbe pole star ia R, AscenaioD, 
■Dalies [t 20'''45. U. Stmve. from obnervatlmis id Right Ascension, 
makes It 20''-60. It appoara, therefore, highly probable that it 
equals 20" 4S. By contiDuinK the observations, it ia hoped, greater 
certainty will be obtained in this imporlant element. 
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agreeing with those derived from former methodiS as 
above given. 

213. EaPiTion OP Time. — The rotation of the earth 
on its axis ia among the few perfectly equable motions 
known) the period of which, or 24 hours of sidereal 
time, might serve as a measure of duration ; hut this is 
not convenient far the purposes of civil life. For these, 
the period of a solar day, or the interval elapsed between 
two BUCcesHive pasaages of the sun over the meridian, is 
a much more convenient measure of time. . But this in- 
terval is variable, for it is greater than the time of the 
earth's rotation by a variable quantity. This variable 
quantity is the time the hour circle passing through the 
sun takes to move over an arc equal to the increase of 
the sun's right ascension during a solar day. Now the 
daily increase of the sun's right ascension is variable 
from two causes, viz., let, the inclination of the ecliptic 
to the eqnator; and 2nd, the unequal apparent motion of 
the sun in the ecliptic arising from the unequal motion 
of the earth in its orbit. It is evident that the eun'a 
increase of right ascension must be variable, on account 
of the obliquity of the ecliptic to the equator; because, 
when the sun is in Aries, its motion being oblique to 
the equator, the rate of increase of right ascension must 
then be less than the rate of increase of longiitude; when 
at the tropics, its motion is parallel to the eqnator, and 
being nearer the pole of the equator than the pole of the 
ecliptic, the arc of the equator between two successive 
circles of declination will be greater than the arc of the 
ecliptic, and, consequently, its motion in right ascension 
must be then greater thao its motion in longitude.' 
Hence it is evident that the length of a solar day must be 
variable, and consequently that the time, which is called 

■ II i> not difficult lo prove that the rate of incrsuM ar the aun's 
right ascmuion is, to the rats of increase af its longitude, aa aoity 
multipiicd bf (hecasineoftheobliquit]' of the ecliptic ia to thetquare 
of tlie eoeina of the snn's declination. Th« Uat term decruuiu from 
the equinox to llie nolttice, and therefure Ibe firat must inoreaao. If 

great circlet \x drann from the North Pole, P, through each, to uut 
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apparent solar time, or appitrent time measured by a 
solar day and pctrte of a soJar day, muet require a cor- 
rection, which is called the Equation of Time. The 
perfection of the mechanism of a clock depends on the 
unifomiity of its motion; therefore a clock intended to 
shew Bolar time, must be regulated according to mean 
solar time, and the equation of time must be allowed in 
deducing apparent time from the time shewn by a clock, 
or in setting a clock from the position of the sun in the 
heavens, as shewn by a sun-dial, or by an astronomical 
instrument. 

214. Iftheaun, instead of moving as it does unequally 
in tie ecliptic, moved uniformly in the equator, the in- 
terval between two transits of the sun over the meridian 
would then be always the same, and would be an exact 
measure of time. Let ua suppose, then, an imaginary sun 
moving uniformly in the equator in tbe same time in 
which the sun appears to move in the ecliptic, and 
having its right ascension, or distance from the begin- 
ning of Aries, equal to the mean longitude of the sun, 
(or the longitude of the sun supposed to move uniformly 
in the ecliptic). The time measured by this imaginary 
sun so moving, is called mean solar time, or meag time. 
The hour circle passing through the imaginaiy sun de- 
scribes 360 degrees in 24 hours mean time, and that 
through the real sun the same in 24 hours apparent 
time, therefore each describes 15 degrees in an hour.*" 

215. The ditfereuce between mean and apparent time, 
i. e., the equation of time, is evidently equal to thediffer- 
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cnce between the right aBcensioa of the Bun and the 
mean longitude of the sun, converted into time at the 
rate of 360° for 24", or 15° for 1 hour. 

The Bun's mean longitude is given by the solar tables, 
and thence the true longitude is calculated : by the 
latter, and the obliquity of the ecliptic, the right as- 
cension may be computed, &om the formola of spheri' 
cal trigonometry, cos. lu (obliquity) = tan EA'cot long., 
and then the diifeTence' of mean longitude and right 
ascension, converted into time at the rate of 15° to an 
hour, is the equation of time. Hence the computations 
for finding the right ascension of the sun will also 
serve for finding the equation of time, 

216. In order to consider the cbangeB in the equation 
of time during the course of a year, we will consider 
separately the effects produced by the obliquity of the 
ecliptic and the unequal motion of the sun in longi- 
tude. 

Equation of time caused hy the obliquity of the ecliptic 
alone. In this case we suppose the sun to move 
equably in the ecliptic, and its longitude to be pro- 
portional to the time from the vernal equinox; it is 
evident that between the vernal equinox and the 
summer solstice the imaginary sun moving in the 
equatJir will be to the east of the foot of the secondary 
to the equator passing through the sun in the ecliptic, 
and, consequently, this secondary will come up to the 
meridian before the imaginary sun in the equator, or 
the apparent noon will be before the mean noon, and if 
m and a be the mean time and the apparent time, m-a, 
the equation of time, will be negative ; at the solstice 
they will -coincide and m- a = o : from the summer 
solstice to the autumnal equinox, for a similar reason 

' Accarately theequatian of Cima is the difference between the •an's 
right Mcenaion (a), and mean longitude (m) reckoned on the eqnatOT 
from the true equinoi, because Ibe right ascension is compuled from 
(he true equinox. By the sun's mean longitude, Teckoned oa the 
equator from Ibe true equinox, is meaiH the sun'a mean longitude 
always reckoned from tbe mean equinox) corrected for tbe equation 
of the eqninaxes in rigbt sscension. 
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the siin in tlie equator will be to the weet of the 
above-named secondary, ajid therefore will come up to 
the meridian before it, and consequently (m - o) will be 
poaitwe; at the autumnal equinox they will coincide, and 
M - d will vanish ; by a similar mode of reasoning it 
will be seen that fhim the autnmoal equinox to the 
winter soletice (m - a) will be negative, and &om the 
winter solstice to the vernal equinox jiMi^ttie.* 

^nation of time eauted hy »un'» ttmqual motion in 
longitadt. It is found by observation (Art. 33), that 
the motion of the sun in the ecliptic during the year, 
from day to day, is unequal ; its daily v^ue will be 
found to vary from 2' 33" to 2' 23" in an hour, while 
its apparent diameter (which ia inversely proportional 
to its distance from the earth) varies from 3i' 34'' to 
31' 29". It is also observed that at any time its 
motion in an hour is proportional to the square of 
its apparent diameter at the time, and therefore in- 
versely as the square of its distance from the earth ; 
consequently, if lines be drawn from the sun to the 
earth on two consecutive days they will, with the 
space described by the earth, form a triangle (nearly 
isosceles with the vertical angle small], and the area 
of this triangle being \ the square of the distance from 
the sufi, multiplied by the angle at the sun betweoi 
the two distances (or the change in sun's longitude 
during the day) , will be constant. This is Kepler's 
teeond late of the planetary motions, and is true of all the 
planets as well as of the earth. Kepler also discovered 
that the earth and all the planets, instead of describing 
concentric circles round the sun, described ellipses 
more or less differing from a circle with the sun in 

■To find whenm-aia greatest.— B; Art 216, cm u (obliquity) 

Mn(.a-flX „rin(„_„j = ^n(„ + „j^ij„_ Hence(Bi-a) 

iagresteat wbeD m + a = 60°; and it> graateaC value is given by th* 
cqnatioD lia (m - o) = ba') w ; thi* will give m- a^ S° SB' SO", 
ar 9 min. 113 sac. In timc^ foi ft max. value. 
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their common focus. It is observed that the earth 
is aeareat to the sun, or in perihelion, on December Slst, 
and farthest from the sun, or in aphelion, on July Isl. 
These points are called the ap»ides of the earth's orbit, 
because the motion is then strictly perpendicular to 
the line joining the sun and earth, and the line joining 
these points is called the line of apsides, or the axis 
major of the orbit. Now, since the apparent motion of 
the snn in a day is inversely proportional to the square 
of its distance from the earth, ic will he the greatest 
when the earth is in perihelion, or at the beginning of 
January, and least when in aphelion, or at the begin- 
ing of July, 

Let us suppose an imaginary sun moving in the 
ecliptic at the uniform rate of 2' 28" in an hour, to 
start together with the true sun from perihelion, the 
true «un will gain upon the mean in consequence of 
the distance being less than the average, and conse- 
quently the mean will he to the west of the true, and 
will come up to the meridian before the true ; or »»' - a' 
(if m' he the mean time and a' the apparent time) ■ 
will be positive ; this will go on increasing until about 
the 1st of April, when it will he a maximum (7 
minutes of time), and after that time it will decrease 
until the Ist of July, when the true sun and mean 
sun will meet again at aphelion, and m -a' ■=o; after 
this, from the distance of the earth from the sun 
being greater than the average, the true motion in 
longitude will be less than the mean, and the true sun 
will be to the west of the mean, and will come up to 
the meridian before it, and m' - a' will bo negative 
until the next perihelion. 

In order to bring the effects together which are 
produced by these two causes acting simultaneously, 
let us graphically represent the effects produced by 
each, and add them together. Let us draw a vertical 
liiieAB(Fig. 37), and divide it into twelve parts corre- 
sponding to the months, and at each point corresponding 
to a day of the year draw a perpendicular to it, repre- 
senting in length the equation of time, from the first of 
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these eanses on that day, meaBurmgittotheright of the 
line when it is positive, and to the left of the line when 
negative, and connect the extremities of these perpen- 
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diculars by a curved line ACDEF. Let us also erect 
at each point a perpendicular repreeenting the eijua- 
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tion of time from the second cauae, and in lite maimer 
fona the second cnrve AOTB, then the joint effect will 
be found for any day by taking the algebraic sum of 
these perpendiciilars with their proper signs. And the 
■whole equation of time will be represented graphi- 
cally by the curve eqpuatioti to the left of MN, con- 
structed by erecting at each correBponding point of 
A'B' a perpendicular equal te this algebraic sum, the 
maximum positive value mj being + 14" 32' on the 
1 1 th February, and the maximum negative ai' - 1 6" 1 8* 
on the 2nd November. It will vanish four times in 
the year, when the curve crosses A' B', or on April 
15, June 14, September 1, and December 25; there 
will be also a second but smaller positive maximum 
of + 6"° 12' on July 26, and a second smaller maxi- 
mum of-S^SS' on May 14. 

A more particular consideration of the equation of 
time would be useless here. Indeed everything of 
consequence may be eonaidered as explained, when it 
is said to be equal to the difference, converted into 
time, between the sun's true right ascension and mean 
longitude, corrected for the equation of equinoxes in 
right ascension. 

It is to be observed that the circumstances of the 
equation of time will change, with a change in the 
longitude of the earth's aphelion, which moves for- 
ward from the equinox at the rate of 1' 2" in a year. 
The longitude at present, as seen from the sun, id 
9* S"!- About 4000 B, c. (the supposed time of the 
creation) it coincided with the place of the earth at 
the vernal equinox. 

The time shown by a dial is apparent time, for it is 
the angle between the hour circle passing through the 
sun and the meridian, conrerted into time. 

217. On Diallibs. — In a dial, the shadow of astraight 
line, by Its intersection with a given plane, points out 
the apparent hour. The line by which the shadow is 
made is called the stile or gnomon. Let a meridian hue 
be drawn on a horizontal plane (Art. 201, &o.), and on 
this plane a gnomon oi stile fixed, making an angle with 
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the meriditm line equal to the latitude of the place, and 
being alao in the plane of the meridian. This gnomon 
then will be in the direction of the celestial aiia (Art. 
39), the shadow therefore will always be in the plane of 
the hour circle in which the sua ie, and because the Ban 
is always in the same hour circle fit the same distance 
(rom noon, whatever be its declination, it follows that 
the intersection of the shadow and horizontal plane is 
always the same at a given hour. Therefore these in- 
tersections of theshadowbeingmarked, will always serve 
for pointing out the hour from noon. These intersec- 
tiouB are called hour lines of the dial, aad a dial thus 
constructed is called a horizontal dial. The angles 
which these hour lines make with the meridian may lie 
determined as follows ; — let 8 be the position of the 
sun at 1 o'clock, p.m., then drawing through S and the 
North Pole P a great circle 8PH to meet the horizon at 
E, the shadow of the gnomon corresponding to 1 o'clock 
wili point to H; now, if N be the north point of the 
horizon, in the right-angled epherical triangle HNP, tan, 
HN, =Bin. PN(lat.) x tan. HPN (= hour angle from noon 
or 1S°) ; for 2 p.m., H'PN would be 30°, and so on. 

Thus the angle which any hour line makes with 
the meridian may be found, and a horizontal dial con- 
structed. 

If a vertical plane, facing the south, at right angles 
to the meridian, be used, the intersections of the shadow 
and this plane, or the hour lines of the dial, will be 
found, by computing the distances of the hour circles 
from the meridian on the prime vertical. A dial so 
constructed is called a vertical dial. 

It ie evident that the plane of the dial may make any 
given angle with the prime vertical, and the hour lines 
be readily computed by a spherical triangle. When the 
plane of the dial faces the east or west, the atile is 
placed at a distance from, and parallel to its plane, be- 
cause the plane of the dial is itself in the plane of the 
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CHAPTER XIII. 

APPLICATION OP AHTEONOMY TO NATIOATIOM HABLEy's 

BKXTANT LITITUBB iT SEA APPARENT TIME VAKIA- 

TION or THE COUPA&B LONGITUDE AT SEA, 

218. The uses of astronomy in navigation are very 
great. It enables the seaman to determine by celestial 
obserTations his latitude and longitude, and tlience dis- 
cover liie situation with an accuracy sufficient to direct 
him the course he ought to steer for hia intende I port, 
and to guard him againttt dangers from shoals and rocks. 
It also enables him to find the. variation of his compass, 
and so affords him the means of sailing his proper course. 

Almost all the astronomical observations made at sea 
consist in measuriag angles, and the difficulty of taking 
an angle at sea, on account of the unsteady motion of 
the ship, is sufficiently obvious. In taking an altitude, 
the plumb-line and spirit-level are entirely useless. In 
observing the angular distance of two objects, the un- 
steadiness of the ship makes it impossible to measure it 
by two telescopes, or by one telescope successively ad- 
justed to each object. 

21 9. These d^culties were soon seen when nautical 
aatronomy began to be improved. Many attempts were 
made to invent a proper instrument. The ingenious 
Dr. Hooke proposed several methods. Many years af- 
terwards Mr. Hadley proposed the instrument called 
Hadley'a quadrant, now, however, usually called Had- 
ley's sextant, for a reason that will he mentioned. A 
few years after Mr. Hadley's invention was communi- 
cated to the world, a paper of Sir Isaac Kewton's was 
found, describing an instrument nearly of the same con- 
struction. The ptinciple of this invaluable instrument 

, , , AinoyL 
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IB, that iu taking the angulardistance of two objects, the 
image of one of them, seen after two reflections, coin- 
cides with the other object seen directly ; and this co- 
incidence is in nowise affected by the unsteadiness of 
the ship. The operation by which the coincidence is 
made, measures the angular distance of the objects. 

220. Hahlbt's Sestamt. — Let A and B (Fig. 39) be 
two celestial or very distant objects ; HO, IN the sec- 



Fig- 38- 
tions of two plane mirrors, in the plane passing through 
the objects and eye. The mirrors are supposed to be 
perpendicular to this plane. Let a ray of light, AC, 
Jrom the object A, incident on the mirror IK, be re- 
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fleoted in the direction CRX, Bad so be incident on the 
mirror HO, from whence it is again reflected in the di- 
rection RE, coinciding with the direction of a ray, BE, 
from the other object, B. Then an eye anywhere in the 
direction of the iine BE, will see the object A, coinci- 
dent with the object fi, if a portion of the mirror im- 
mediately above the section HO be transparent. Thus 
we may make two distant objects appear lo coincide by 
a proper position of the mirrors, viz., by inclining the 
mirrors at an angle equal to half the angular distance ot 
the objects. For produce the sectioan of the mirrors to 
meet in U, and produce AO to meet BRE in £. Then 
by the principleof the equality of theangles of incidence 
and reflection, the angle £RX is bisected by the mirror 
HO, and the angle BCE by the mirror NI, consequently 
the angle M - XRM— RCM = \ XRE— J ROE = 
i (XRE— KCE) = i REC, or the angular distance of 
the objects equals twice the inclination of the reflect«rs. 
Hence if we move the reflector IN, bo that both o" ' 
may appear to 
coincide, andean 
then measure 
the inclination 
of the reflectors, 
we shall obtain 
the angular dis- 
tonoe of tbe ob- 
jects, Thisprin- 
ciple is used in 
Hadley'a sex- 
tant as follows. 

221.ACB(Fig. g- 
46) may repre- 
sent the sextant. 
*rhe angle ACB 
is 60°, but tie 
arc AB extends 
a few degrees 

beyond each ra- fig. 40. 

dius. A moveable radius, CV, called the index, revolves 
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about the -centre C, carrying a plane mirror, IN", per- 
pendioular to the plane of the sestant, which mirror 
faces another mirror, H, also perpendicular to the 
planeof the sextant. This latter mirror is fixed with 
its plane parallel to CA, the position of the mirror IN, 
■when the radius CV pasees through zero or (o) of the 
are. The upper part of the mirror H is transparent, 
through which, by help of a telescope fised at T, 
parallel to the plane of the sextant, the ohjeot S may 
be seen directly, while the image of M, seen hy reflec- 
tion, appears to touch it. The angular distance of 
the ohjecta M! and S is then, as has heen shown v 
twice the inclination of the mirrors H and IN = (be- 
cause H is parallel to CA) 2 VGA. Hence the degrees, 
minutes, and seconds in VA, shown by a vernier, at- 
tached to the extremity of the index, would give half 
the angular distance of the objects ; but as the aro VA 
is only half the angular distance of the objects, for con- 
venience each degree, &(!,, is reckoned double; thus if 
VA he actually 42°, it is marked 84°, &c. 

The mirror IC is called the index gluts, and H the 
AortEon glatt, because in taking the altitade of the 
sun at sea, the horizon is seen directly through this 
glass. 

In most sextants there is a provision for adjusting the 
plane of the horizon glass, parallel to the radius passing 
through zero of the are, or rather parallel to the plane 
of the index glass, when the index is at zero of the arc. 
This is done by making an image coincide with its ob- 
ject seen directly, when the index passes through zero. 
Or the quantity of the error may be determined by 
measuring a small angle, forinstance the sun's diameter, 
on each side of zero of the arc. Half the difference is 
the error of the index, and it is most convenient to al- 
low for this, as It cannot be corrected so exactly as its 
quantity can be ascertained. 

222. The beet instruments, intended for taking the 
angular distance of the moon from the sun and etars, are 
made with great exactness. The radius of a sextant 
varies in length from five to fourteen inches. The usaal 
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length is about ten or twelve iaches, and these admit of 
measuiiiig an angle to 10"or less, by help of the vernier. 
Ordinary instrumentB are also made, merely for taking 
altitudes. Plain sights are only used with these, and 
they are seldom adapted to take altitudes nearer than 
two or three minutes. 

As an altitude is never greater than 90°, it is evident, 
for an altitude, a greater are than 45° is not required. 
The instruments, therefore, made only for taking alti- 
tudes should properly be a^nA octant* , instead of quad- 
rants, as they are sometimes named. The ang^ar dis- 
tance of the moon from a star is sometimes measured 
when 120*, for such distances an arc of 60° is necessary, 
and therefore the instruments intended forthe longitude 
at sea are called »extant». 

223. The celebrated Mayer, whoso lunar tables have 
been mentioned, recommended a complete circle for 
measuring the angular distance of the moon from the 
sun or stars by reflection, as in Hadley's instrument. 
Some of the advantages proposed were similar to those 
of the astronomical circle over the astronomical quadrant ; 
also by making the horizon glass moveable, the same 
angle could be repeated on different parts of the limb, 
and by repeating the angle many times, and taking a 
mean, the errors of division were almost entirely done 

224. Let us proceed to the applicaUon of the sextant 
for finding the latitude, apparent time, variation of the 
compass, and longitude at sea. 

The latitudt at aea is most readily and usually found 
by observing the meridian altitude of the sun, and cor- 
recting it for refraction as in taUe page 43. At sea the 
horizon is generally well dellned. The sextant being 
placed in a vertical position, the upper or lower limb of 
the sun, by moving the index, is brought down to the 
horizon seen directly. The index shows the altitude ; 
bnt it must be noted, that as the eye of the spectator is 
elevated above the level of the sea, the apparent altitude 
ia to be diminished by the depression of the horizon, 
ii2 
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called the dip'. The sun ie known to be on the meridian 
■when it ceases to rise higher, or when the index angle 
ceaeeB to ihrTease, and for this purpose the obseryations 
commence half an hour before noon, and are frequently 
repealed. An error of one or two minutes is of little 
consequence in finding the latitude at sea, ae it makes 
only an error of one or two miles in the place of the ship. 
Oftentimes the horizou is not sufficiently de&ued to attain 
to great accuracy. A star can seldom be used, oa account 
of the horizon not being sufficiently visible, but the moon 
oftentimes may. The correct uieridian altitude of the 
sun's centre and the declination being known, the la- 
titude is easily found, being always equal to the sum (or 
difierence) of the zenith distance and declination, accord- 
ing as the object is north or south of the celestial 
equator. 

225. It often happens that it is cloudy at noon, and 
therefore an obseTvation cannot be made: this sometimes 
is the case for sereral days together, when perhaps the 
sun is occasionally seen during that time. The latitude 
in such oircumHtancBS may be obtained by observing two 
altitudes of the sun, and noting the interval of time be- 
tween, by a good watch : from this data and the sun's 
polar distance the latithde may be found. Let P be the. 
pole, Z the zenith, S and S' the two positions of the 
sun, we know PS, PS' and SPS', consequently the base 
SS' and the base anglePSS' (by spherical trigonometry). 
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we know then of the spherical triangle ZSS', the 
three sidee, and we can calculate the angle ZSS' ; having 
as before PSS' we have their difference P5Z ; and of the 
triangle PSZ, we have PS, BZ, and the angle PSZ to 
find the co-latitude ZP. This rec[uirea the solution of 
three spherical triangles. 

It may he mentioned, once for all, that it is here only 
intended to give a general account of the observations 
necessary for nautical purposes. The particulars of the 
methods of compntation are to be found in the different 
works on practical astronomy or navigation. 

226. The apparent time may he found at eea, by ob- 
serving the altitude of the sun. If we note the time 
when it is on the meridian, as in Art. 224, we have 
the apparent noon, and by adding or subtracting the 
equation of time we have the mean time. But the time 
may he calculated by an observation of the sun's atti- 
tude at any time. For knowing the latitude of the 
place and the sun'e declination, we have thetliree sides 
of a spherical triangle, viz., the sun's zenith distance, 
the polar distance, and the co-latitude of the place, to 
find the hour angle, which therefore may be had from 
one calculation. The hour- angle converted into time at 
tlie rate of 15° for one hour gives the apparent time 
irom noon at the place of observation. 

227. The latitude being known, the eariation of the 
compass is easily found. 

Previously to the discovery of the polarity of the 
magnetic needle, navigators had no means of ascer- 
taining their course upon losing sight of land, but by 
the sun and stars, particularly the polar star. They 
therefore seldom dared to venture far &om land, 
knowing that a short continuance of cloudy weather 
might occasion their destruction. On the discovery 
of the compass, an end was put to this difficulty. It 
must have been known at first that the needle did not 
point eiactly north, but the deviation or variation 
was supposed everywhere the same. So slow was 
the 'progress of navigation, that nearly two centuries 
elapsed &om the time that the polarity of the magnet 
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was well known in Europe, before It waa discovered 
tliat in different places the variation waa different. 
Columbus, in his iirst voyage, eeems to have been 
the first who observed it. About a eeutury later, the 
variation of the variation was discovered, that is, that 
the deviation from the north at a given place is varia- 
ble. The variation at London, two centiirieB ago, was 
11° 15' east, and is now 19-48' west. 

228. On these accounts it; is obvious that the seaman 
must first ascertain the variation of tho compass in the 
place in which he is, previouBly to his making use of it 
for his course : this he practises by a very simple as- 
tronomical observation : he notes, by the compass, the 
ilireetion, called the bearing, of the sun when it rises 
or sets. If the bearing is measured from the east or 
west, it is called the amplitude. From the latitude of 
the place and the sun's declination, the azimuth at 
sunnse or sunset- may be computed by the solution of 
a right-angled spherical triangle. For in the right- 
angled triangle formed by the sun's polar distance 
elevation of the pole and azimuth, cos. Ist, : unity : ; 
sin. dec, ; coein. azimuth. The difference of the ampli- 
tude observed and computed gives the variation. 

Sometimes the sun's azimuth and altitude are ob- 
served ; from the altitude, latitude, and declination, 
the azimuth may be computed, qnd thence the variation 
found : or knowing the latitude, sun's declination and 
time of day, the azimuth may be computed, and then 
compared with the azimuth observed. 

229. Places not far distant have nearly the same 
variation, except near the poles. 

It has been B>jppoeed that lie variation of the 
needle, and latitude, would ascertain the position of a 
place, as well as iU latitude and longitude \ and 
therefore that the variation of the needle would serve 
for finding the longitude. But the variation cannot 
be obtained with sufficient accuracy to apply it to this 
purpose. It seldom can be determined at sea nearer 
than a degree. 
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230. The next subject to be e^cplaioed is the method 
ofjinding the longitude at tea. 

The difference of the apparent times at two places, 
found by the difference of tiie angles between the hour 
circle passing through the sun, and the meridian at each 
place, at the same instant, is the difference of longi- 
tude, the whole equator being considered as divided into 
twenty-four hours, each of which corresponds to 15° of 
terrestrial longitude. 

231. If then we have the time of day at any place, 
the situation of which is known, and compare it with 
the time at the place in which we are, we obtain 
by proportion the difference of longitude, aUowing 15* 
for each hour. It is easy to find the time at the place 
we are in (Art. 226), and therefore the finding its longi- 
tude is reduced to find the time of day at soma given 
place, as at Greenwich, troia whence we, in these 
islands, reckon our longitnde. 

There are two methods of doing this at sea : by chrono- 
meters, as watches for this purpose are now usuaUy 
called, and by makingthe motions of the celestial bodies 
serve instead of chronometers. 

232. It is evident that did a watch or clock move 
continually at a uniform rate, it would afford us a 
ready means of finding the longitude : for if the 
chronometer, going mean time, were set to the time at 
Qreenwich, it would continually point out the time at 
Greenwich, and therefore, by comparing that time with 
the mean time at the ship, we should at once have the 
difference of longitude between Greenwich and the 
ship. The apparent time at the ship can be found with 
all the accuracy necessary, and then applying the 
equation of time, the mean time will be obtained. 

233. It became therefore an object of great impor- 
tance to construct a machine, the uniform motion of 
which might be depended on for a length of time. 

About the middle of the seventeenth century, Huy- 
gens and Hook made their celebrated improvements 
toward obtaining a regular movement in clocks and 
watchra, the former by applying the pendulum to clocks, 
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and the latter by applying a spiral spring to tbebalancw 
of watches. 

Huygens himself propoaed the pendnlum clock for 
finding the longitude at sea, and quot«B trials actually 
made; but it ie obvioua, on a variety of accounts, tbattt 
pendulum clock must be very unfit for a long voyage. 
Watches also, vhen made with the utmost care, were 
found to be by much too irregular iu their rates of going 
to be depended on for a length time. 

Uader these circumstances an Act was passed in the 
reign of Queen Anne, in consequence of a petition from 
the merchants, for encouraging the discovery of a me- 
thod of finding thelongitado at sen within certaia limits, 
for appointing a Board of Longitude, and for appropriat- 
ing certain sums for eQcooraging attempts. It was 
understood that the most desirable method, on account 
of its easy practice, would be by chronometers. Ur, 
John Harrison early applied himself to the improrement 
of them, and during a long life was continnally intent oa 
that object. After many attempts which did his inven- 
tive genius the highest credit, and for which he received 
encouragement from the Board of Longitude, he at last 
completed a wateb, which he considered perfect enough 
to entitle him to £20,000, the highest reward offered. 
Accordingly in the year 1761, a trial was made by send- 
ing the watch to the West Indies, and he was considered 
as entitled to £10,000, and the remainder was to be 
granted to him upon strictly complying with the terms 
of the Act. In the end, the whole, in consideration of 
his long and meritorio&s exertions, was granted to him. 

The Act of Queen Anne only qiecifled that to obtain 
the reward of £20,000, the error of longitude, in a voy- 
age to the West Indies, should not exceed thirty miles. 
This, in time, is about an error of two minutes. Harri- 
son's watch went within this limit : but it was soon 
found that the object offinding the longitude at aea, by 
time-keepers, was far from being attained. The eim- 
atruction of Harrison's watch was extremely diffloult. 
It seems that not more than one or two have ever been 
made on his principles. He may be considered as having 
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led the wsy, and as having the credit of attempting the 
two principles of perfection ■which have for many years 
past heen introduced in the cosBtruction of chronome- 
ters. 

234. The two circuni stances by which chronometers 
differ from common watches are, 1. The short time in 
which the mainspring acts upon the balance. This is 
accomplished by an escapement, called the detached 
escapement. The action of the mainspring is suspended 
daring the greater part of the vibration of the balance, 
and therefore the isochronism of the balance spring is 
only slightly affected by the external impression of the 
main spring, through the intervention of the wheel 
work. 2. The contrivance for preventing the time 
of the vibration of the balance from being affected 
by heat or cold. The balance, instead of being an 
entire circle, as in common watches, is composed of 
two arcs (sometimes, but rarely, of three) to the end 
of each of which a small mass is attached : the external 
part of the arc is brass, and the internal part steel : 
these are soldered together, and from the different ex- 
pansive powers of the two metals, by cold the arc be- 
comes less curved, and by heat the contrary takes place. 
Thns the distance of the attached masses from the centre 
is always such as to preserve the isochronism. Chrono- 
meters well executed may be depended on to 1' in a 
day. 

It is evident, that, in long voyages, chronometers 
ought not to be trusted to, unless means of verifying them 
frequently offer. It is not necessary that a chronometer 
should not gain or lose time; all that is required is that it 
should gain or lose uniformly, and for this purpose it 
most be rated as frequently as opportunities will allow, 
in order that its raU of gaining or losing being known, 
allowance may be made for its gain or loss since 
the ship last left port. It is found that the rate of a 
clironometer at sea Is not qnite the same as on land, 
consequently several of them must be brought in order to 
act as cheeks on each other. 

235. Of all the celestial bodies, the moon ie to ns far 
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the moet conveaieitt for the purpose of determining the 
longitude : its motion, as seen from the earth, being 
much quicker than that of the aun or any of theplaueta. 

By the theory of the mooii'B motion, itfi place on the 
concave surface ia known at any time ; that is, knowing 
the time of the day at Greenwich, the place of the moon 
is known, and vine versa knowing the place of the moon, 
the time at Greenwich ia known ; so that if the lunar 
tahlea show that the moon, seen from the centre of the 
earth, will be 10° from a certain fixed star at 6 o'clock 
in the evening at Greenwich, and we make an obaer- 
vation at any distant place, and find that the moon's 
diatance from the atar, reduced hy computation to what 
it would be seen from the centre of the earth, ia 10*, we 
immediately conclude that it ia G o'clock at Greenwich. 

Thus the moon, with the brighter fixed stars near ita 
path, may be considered as a chronometer, not made in- 
deed by human hands, but perfect in ita construction. 
It cannot, however, be easily used by U8. The difficulty 
principally arises from slowness of the apparent motion 
of the moon on the concave surface, and therefore great 
nicety ia required in measuring the angular distance of 
the moon from the fixed atar. The intricacy of the lunar 
motions is also another source of difficulty. 

But theae inconveniences have now in a great meaaore 
been overcome by the improvements in instruments, and 
in the lunar theory ; and navigatora nowuse withrauch 
success this method. 

236. It ia briefly aa follows :— 

The observer measures the moon's distMice from the 
aun, a planet or a bright star in the zodiac, specified in 
the NauticalAJmanac, by means of aHadloy's sextant. 
This distance must he corrected for refraction, and re- 
duced to the distance that would be observed from the 
centre of the earth, that is corrected for parallax. The 
lunar tables are formed to give the place of the moon, 
as would be seen from the centre of the earth in the 
meridian of Greenwich. For more readily computing 
the efiects of parallax and refraction, another observer 
should, at the time of observing the distance, observe 
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the beights of the moon and star. Theae altitudes 
need not to be observed with great aeeuracy. 

It being found, by a reference to the tables published 
in the Nautical Almanac, at what time the moon would 
be at this observed distance, so corrected, as Been at 
Greenwich, the time at Greenwich is known, and the 
difference of the local time and Greenwich time gives 
the longitude o} the place. . 

To find the correct distance, or to clear, as it is termed, 
the observed distance iVom the effects of parallax and re< 
fraction, let Z be the zenith. The star is elevated in a 
vertical circle by refraction, and the moon ia depressed 
by parallax and elevated by refraction also in a vertical 
circle, but as the former in her case ia greater than the 
latter, sheia on the whole depressed. We observe the 
zenith distances of the moon M, and star S, and the dis- 
tance between them HS ; from these tliree sides of a 
spherical triangle MZS, we calculate the difference of 
azimuths (the angle at Z) which is not altered by par- 
allax or refraction. Now having by correction got the 
true zenith distances of the moon and the star and the 
vertical angle at Z thus calculated, we ean compute the 
base which ia their real distance. 

237. The inconveniences of the Innar method of find- 
ing the longitude are — 

1st. The great exactness requisite ia observing the 
distaDce of the moon from the star or sun, as a small 
error in the distance makes a considerable error in the 
longitude. The moon moves at the rate of about a de- 
gree in two hours, or one minoteofspace in two minutea 
of time. Therefore, if we make an error of one minute 
in observing the angular diatance, we make an error of 
two minutes in time, or 30 milea in longitude at the 
equator; since one degree at the equator, or 60 nautical 
miles, corresponds to '4 minutes of time. A single obser- 
vation with the best sextants may be liable to an error 
of more than half a minute : but the accuracy of the 
result may be much increased hy a mean of several 
obeervations taken to the east and west of the moon. 

If the moou had moved rounii the earth in about 
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three days, the longitude would have been as esBily 
found aB the latitude. The first satellite of Jupiter en- 
ables the inhabitants of that planet to find their longi- 
tudea with as great accuracy aa can be desired. 

2nd. The imperfection of the lunar tables has also 
long been considered as an obstacle in this method. The 
improved tables of Mason were frequently erroneous by 
nearly one minute, which occasioned an error of thirty 
miles. But there is reason to suppose that the error of 
the new tables of Professor Hansen never exceed 10", 
the average error is 3", which is only equivalent to 
one mile and a half. 

3rd. Another source of inconvenience is the length of 
the computation necessary in this method. Everything 
possible was done by the late Dr. Maskelyne for obvi- 
ating this difficulty. He reeoraraended the publication 
of the Nautical Almanac, which is now annually con- 
tinued. In it the moon's distances from the sun and 
several zodiacal stars of the £xst and second magnitude 
are given for every three hours. Such plain rules also, 
for reducing the observed distance to the true, have been 
laid down, more particularly in publications directed by 
him, that the eompntation is very short, and- merely 
mechanical, so that it cannot be mistaken by a person 
tolerably versed in arithmetic. This method of finding 
Greenwich time is most useful for correcting the chro- 
nometers. 

By it the longitude will be generally known to less 
than ten miles, very often much nearer. This, al- 
though less accurate than the latitude, is an invalua- 
ble acquisition to the seaman : it gives him sufficient 
notice of his approach towards dangerous situations, 
or enables him to make for his port without sail- 
ing into the parallel of latitude, and then, in the sea- 
man's phrase, running down the port on the parallel, 
as waa done before this method was practised. In the 
last century navigators did not attempt to find their 
longitude at sea, unless by their reckoning, which was 
hai^y ever to be depended on. The difflcultiee they 
experienced are easily conceived. 

L;3.i:-:ij,XkH>til>J 



CHAP. XIII.] Longitude hy Eclipses, 189 

238. The present age must coneider itself as princi- 
pally indebted to the late Dr. Maskelyue, the Astronomer 
Boyal, for the adrantageB which we derive from the 
lunar method of finding the longitude, and doubtless to 
him also posterity will acknowledge their great obliga- 
tions. He, hy his own experience^ on his voyage to 
St. Helena, in 1761, first satisfactorily showed the prae- 
tioabihtyofthia mtthod. He strenuously recommended,' 
and then superintended, the publication of the Nautical 
Almanac, and of those tables, without the assistance of 
which this method would have been of little value to 
the seaman. To his observations is owing the perfection 
of the lunar tables formerly used ; and he unremittingly 
assisted and encouraged every attempt to forward the 
discovery of the longitude at sea, ^'hether by this me- 
thod or by chronometers.'' 

239. It has been supposed that the eclipses of Jupi- 
ter's satellites might be of great use in finding the lon- 
gitude at sea. Experience, however, has shown the 
contrary ; it has been found impossible to manage a 
telescope on shipboard so as to observe the eclipses. 
All attempts to remedy this difficulty have hitherto 
failed, and on land it is difficult to be quite sure of the 
exact time of the beginning or the ending of the eclipse, 
the disappearance of the satellite taking place gradually. 



' Vid. Dr. Hitakelyne'a memoriil, presented to the Commitaiimera 
of the Longttnde, Feb. 9, 1765, printed in the Appendix to Maker's 
Tables. 

ii Thetheoiy of the lunar method is very oldi indeed, it is so obvious 
that it could scarcely have been over]Lii>lccd in Che inrancy of aslro- 
nomy ; but tha practice of It long seemed subject to insurmountable 
diffieultiei. 
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CHAPTER XIV. 

lEOCSn&IC AND HELIOCENTSIC FUCES OF PLINBTS — KOSES 

AND XNOLXNiTIOirS OP THEIB OBBira MEAN MOTIOKB AKD 

; TEHBS — SISCOTEBIEa OF KEPLEE — ELLIPIICAl. 
FFLAKBI8. 

240. The fixed Btare, as has been noticed, appear in 
the same place with respect to the ecliptic from what- 
ever part of the solar system they are seen, but not 
BO the planets : their places, as seen from the sun and 
earth, are very different, and as their motions are per- 
formed about the sun, it is necessary to dedace from 
the observations mode, at the earth the observations 
that would be made by a spectator at the sun. By this 
wc arrive at the true knowledge of their motions, and 
discover that their orbits are neither circular, nor their 
motions entirely equable about the sun, although a 
uniform circular motion will, as we have seen, in some 
measure solve the phEsnomena of their appearascea. 

241. It has before been shown how the distances 
and periodic times of the planets are found, on the 
hypothesis of their orbits being circular, and their mo- 
tions unifomi ; it remains to show how the places of 
the nodes and inclinations of the orbits may be foond 
nearly, before we proceed to more accurate investiga- 
tions. For this it is necessary to find from the geocentric 
longitude and latitude (computed from the right ascen- 
sion and declination observed), and the distance of the 
planet from the sun known nearly (Arts. 96 and 100), 
the heliocentric latitude and longitude. 

242. Let S and E (Tig. 41) be the sun and earth, 1* 
the planet, its place, projected perpendicularly on 
the plane of the ecliptic, SA the dii'ection of Aries, and 
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EH parallel to SA. ' Then OEH tmd OEP are the geo- 
centric longitude and latitude of the planet, and OSA 
and P80 are the heliocentric longitude and latitude. 
Prom the right ascension and declination observed, 
and the right ascenaion and declination of the sun, 
we can compute, by spherical trigonometry, the planet's 
angular distance from the sua, or the angle SEP. For 




angle at the pole 
between great 
circles drawn 
icam it to the 
sun and the pla- 
net, and the po- 
lar distance of 
each. Ther^ore 
in the triaugie 
SEP we know 
8F, SE. and the 
angle SEP; from 
thence we can 
deduce PE, and 
thence OE, because OE = PE x cos OEP (geoeent. lat.). 
Hence in the triangle SOE, ES, OE, and angle 8E0 
(di£ long, of planet and sun) are known, and so 
we can compute OSE. Whence, because ESA = earth's 
longitude seen from snn = sun's longitude + ISO", we 
obtain OSA, the heliocentric longitude. Also because 
PS X Bin P80 = OP = EP x sin OEP, we have sin. hel. 
lat : sin geo. lat. : : EP : PS, and thus the heliocentric 
latitude is known. 

243. From two heliocentric longitudes and latitudes, 
the place of the node and inclination of the orbit may 
be fonnd. Let / and I' be two heliocentric longitudes, 
X and X' the heliocentric latitudes, x the longitude of 
the ascending node, and the inclination of tho planet's 
orbit to the ecliptic. Then by spherical trigonometiy 
it is easy to seo that we have two right-angled trian- 
gles with a common angle 0, and l-x,\, f-x. and V 
the sides, which give sin(2-x) = tan X.oot0(a); sin 
(/'-2)=tan X'.cot0.. . (fi) i .: expanding, and dividing (a) 
L.,„-.-,Cnoyk 
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by (^), Bin I cos X- cos lain x^ - — — ■ | sin f eos a: - 

coa r sin «], dividing by cos x, we have a simple equa- 
tion to Eolve for tan x, and we easily obtain tan x = 
sin ItxaX' - sin I' tan \ ^,. , . - , , 

■- - ; ■■ — —— r — . ThiB being foond, we have 

coa ( tan X' - cos i' tan X 

cot d (inclin. of orbit) = ^. 

^ ' tan X 

The beet observatione for ascertaining the place of the 
node are those made when the planet la near its node 
on each side : the best for ascertaining the inclination 
are when the planet is farthest from the ecliptic. 

The above ia applicable to finding accurately the 
place of the node and inclination of the orbit, provided 
we had the planet's distance from the sun, at each 
observation, accurately. How these may be found will 
appear farther on. Therefore thus far it has only been 
shown how the distancea, periodic times, places of the 
nodes, incliaations of the orbits, may be nearly found, 

244. Among the most valuable observations for de- 
termining the elements of a planet's orbit, are those 
made wheu a superioi planet is in or near opposition to 
the sun, for then the heliocentric and geocentric longi- 
tudes are the same. And a number of oppositionB being 
observed, the planet's motion in longitude, as would 
be observed from the sun, will be known. The inferior 
planets also, when in superior conjunction, have the eama 
geocentric and heliocentric longitudes ; when in inferior 
conjunction they differ by 180* ; but the inferior planet* 
can seldom be observed in superior conjunction, or in 
inferior conjunction, except when they pass over^ which 
they rarely do, the sun's disc. Therefore wo cannot so 
readily ascertain by simple observation the motions of 
the inferior planets, seen from the sun, as we can those 
of the superior. 

245. The principal element for determining the place 
of a planet is the mean angular velocity about the sun 
called the mean motion. The periodic time is oonsi- 

■"dcfed as invariable ; but neither the real motion ia 
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its orbit, nor its angular motion about the sun is 
equable. The periodic time, being constant, may be 
ta^en aa the measure of its mean motion ; or rather the 
mean angle deecribed In any given time, as twenty- 
fonr hours fdedueed by proportion, from 360' being 
described in the periodic time). 

If the planet's place in its orbit, as seen from the sun, 
at any time, be known, its place at that time will be 
had within a few degrees or less, by adding its mean 
motion, in the interral, to the former place : this is to 
be corrected according to the deviation of the tme 
motion from the mean place. 

To obtain accurately the periodic time of a planet. 
Find the interval elapsed between two oppositions 
-separated by along interval, when the planet was nearly 
in the same part of the zodiac. From the periodic time 
known nearly, it may be found when the planet has 
the same heliocentric longitude as at the first observa- 
tion. Hence the time of a complete number of revolu- 
tions win betnown, and thence the time of one revolu- 
tion. The greater the interval of time between the two 
oppositions, the more accurately the periodic time will 
be obtained, because the errors of observation will be 
divided among a great number of periods ; therefore, by 
using very ancient observations, much precision may be 
obtained. 

245. The planet Saturn was observed in the year 
228 B. c, March 2 (according to our reckoning of time) 
to be near the star 7 Virginis, and at the same time 
was nearly in opposition to the sun. The same planet 
was observed in opposition to the sun, and having nearly 
the same longitude, in February, 1 714. 

Whence it was found that 1943 common years, 118 
days, 21 hours, and Id minutes had elapsed while the 
planet made 66 revolutions. It being readily discovered 
that the time of a revolution was 29 J years nearly, it was 
easily ascertained that exactly 66 revolutions had been 
completed in the above interval, and therefore it follows 
that 29' 162'' 4'' 19" is the time of one revolution, which 
gives 2' 0", 58 forthe mean motionin 24 hours. The 
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above time of rovolntion is with respect to the equi- 
noctial points, and, ae the equinoctial points recede, the 
time of a complete rerolution in the orbit will be had 
by finding the precession of the eqninozeB in longitude 
in the above time of revolution, and thence computing, 
by proportion, the time the planet takes to go over the 
arc of longitude equal to the precesaion. In thia way 
the time of a complete revolution is found to be 29' 
174* 11" 29": this is called a M(forAi/r«'i)ftiW«i,becaiiw 
it is the time elapsed between two successive retamB of 
the planet to the same fixed star, when seen from the 
sun. The time of revolution with respect to the equi- 
noxes, the same as the time of revolution with respect 
to the tropics, is called the tropical revolution. 

In the same manner ancient observations have berai 
used for the other planets. Ptolemy has recorded several 
oppositions of Jupiter and Mare observed by him in the 
second centiuy. From these Oassini computed, by the 
help of modem observations, the periodic times witli 
much exactness. Ancient observations have also been 
used for Venus. Mercury, before the iaventiou of tele- 
scopes, could not be seen, when near either inferior or 
superior conjunction, and therefore for this planet mo- 
dem observations only have been used : however, its 
transits over the sun's disc have enabled us to obtain the 
periodic time with sufficient accuracy. 

246. The exact periodic time of the earth is readily 
found by a comparison of two distant equinoxes ; the 
time of the equinox is known by observing the sun's 
declination before and after the equinox, and thence the 
timo when the sun had no decimation may he com- 
puted hy proportion. Comparisons of good observations, 
separated by a long interval, give the time of returning 
to the same equinox, or the length of a tropical year -• 
365^ 5" 48" 48', and as the recession of the equinoctial 
points is 50^" in a year, the snn will appear to move 
over this space in 20™ 23j', Hence the periodic time 
of the earth or a sidereal year = SeS'' 6* 9" 11". 

247. The ancient observations of Jupiter and Saturn, 
comparod with the modem ones, give the periodic timo 
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of the former greater, and that of Saturn less, than 
what are found hy a compariaon of the modem obaer- 
vations. The cause of this is satiBfactorily explained 
by the mutual attraction of those bodies to each other, 
and the quantity of variation has been computed by the 
help of physical astroEomy. 

The tropical year is less now than in the time of 
Hipparohus, according to the determination of Laplace, 
by about lO*. 

248. Ksplek'b Laws. — The next inquiry is the devi- 
ation of a planet's motion from equal motion, for which 
the knowledge of the form of the orbit, and law of 
motion in that orbit, is necessary. This brings us to 
the discoveries of Kepler, who first ascertained, from 
the observationa of Tyoho Brahe — 1* that the planets 
move in sU^tes about the lun, tehieh is in one of the foci; 
2* that the law of the motion of each planet is such, 
that it deteribet ahotit the tun equal areaa in equal timet ; 
and 3* that the iquarei of the periodic timet are as the cubes 
of the greater axes of their orbitt. Kepler, to whom we 
owe these important discoveries, was bom in 1571, and 
distinguished himself early in the seventeenth century. 
Naturally possessed of a most ardent desire of ftaae, it 
was fortunate &r the progress of astronomy that he ap - 
plied himself to this science. He had the advantage of 
referring to the numerous and celebrated observatious of 
TychoBrabe; who having, with unwearied exertions, 
constructed instruments far better than had ever been 
mode, used them with equal assiduity in forming a con- 
nected series of most valuable observations. Tycho 
Brahe observed in the Island of Huine, near Copenha- 
gen; from whence, in consequence of most unmerited 
b'catment, he was obliged to retire to Prague, whither 
Kepler, at his persuasion, came to reside. 

249. Kepler first applied himself to investigate the 
orbit of Mars,' the motions of which planet appeared 
moreirregolarthanthoBe of any other, except Heronry, 

. Ee[<ler De Ualil>us SielUe 
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'which, from being seldom seen, had been little attended 
to. He has left ua the result of his inquiries in his 
■work, "De Motibus Stellte Martis," which will al- 
ways deserve to be studied as a record of industry and 
ingenuity. It will not he convenient to enter here into 
many particularB of hia labours . One of the most re- 
markable is, his long adherence to the hypotfaeaie that 
the orbits of all the planets must be circnlar, because a 
circle ia the most perfect figure. The planet waa sup- 
posed to more in a circle describing equal angles about 
a point (punctum asquana) at a certain distance &om 
the aun. In this he waa aanctioned by all who had gone 
before him, audit was not tillhaTing in vain spent nearly 
five years in attempting to accommodate this hypo- 
theais to the obeervationa that he could persuade him- 
self to reject it. " Primus'' meus error fuit viam pla- 
netse perfectum ease cireulum ; taatonocentiortemporis 
ftir, quanto erat ab authoritate omnium Philoaophorum 
instructior ct raetaphysicie in specie convenientior." 
He afterwards proceeded by a method in which all 
conjecture waa laid aside. !From the numerous obser- 
vations of Tycho Brahe, that had been continued up- 
wards of twenty years, he obtained many distances of 
Mars from the sun, and the anglca at the sun contained 
by these distances, and at lastdiscoveredthat the curve 
passing through the extremitiea of these distancca was 
un cUipae; in this manner arriving at a conclusion 
which be considered as fully repaying him for his trou- 
ble. His attempts, his repeated disappointments, all 
of which he has ingeniously recorded ; his ready inven- 
tion in surmounting difSculties ; his perseverance at 
last crowned with succesa ; remain as highly nsefol 
examples to show the value of genius and industry 
united. His adherence to the circular hypothesis, 
which was principally supported by its antiquity, af- 
fords a useful illustration of the inconveniences that may 
arise from not taking experiment and observation for 
our guides ; and by his ultimate success he may be said 

" De ftlulfbiis SlellM Hanis, up, 40, p. 19S. 
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to hare given an illustrious example of that method of 
philosophising which a few years afterwards was so 
strenuously recommended by Lord Bacon. 

2S0. £epler's method, by which he at last obtained 
the orbit of Mars, will serve as a plain example of the 
manner of finding the orbit of a planet, and therefore 
may bo considered as proper for an elementary work, 
although the present advanced state of astronomy 
furnishes others more convenient, but not so simple. 

He considered the orbit of the earth as circular, the 
sun being at a small distance from the centre, which 
the observations of Tycho were not sufficiently accurate 
to contradict, the orbit of the earth deviating bo little 
from a circle. Thus he was enabled to ascertain with 
snfficient precision the relative distances of the earth 
fiwm the sun at different times, and the angles described 
about the sun ; having discovered that the point round 
which motion was equable was not, as astronomers at 
that time supposed, in the centre of the circle, but in 
the continuation of the line joining the sun and centre, 
and equally distant from the centre as the sun.' 

Let T and E (Fig. 42) be two places of the earth, 
when Mars is in the same place of its orbit — (these 
times are known from knowing the periodic time of 
Mars) — P Mars, and M its projection on the plane of 
the ecliptic ; S the sun. The angles MTS and ME8 
are known from observations ; TS, SE, and the angle 
T8E from knowing the orbit and motion of the earth. 
In the triangle TSE we can find STE and TE8 and TE. 
From these angles we find MXEand ME'l', and thence 
by help of TE we compute MT. Knowing MT, TS, 
aad the included angle, we find MS by the proportion 
MT ; 118 : : cot. PTM (geo. lat.) : cot. P8M (hel. lat.) 
thus we obtain the hehocentric latitude. Then cos. 
PSM (hel. lat.) : rad. : : SM : PS. 

251. By the numerous observations of Tycho Brahe, 

• Ths incient ■atronomcn had BDppoied this to be lo witli n<p«ct 
to tha pUnet*, but llis hrpotheata hul been rejected by CipernicuB. 
Jtii ODiy Dearly troa id the orbits tbat ■» of email eccaatricltf. 
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Kepler was enabled to verify the Bame distance from 
BevenJ pairs of obBerrations, and also to find many 
different distancee, and tho angles at the buh contained 

by these distanees. 



this 






found the greatest and 
least distances. Sup- 
posing the orbit circu- 
lar, he had from these 
the diameter of the cir- 
cle, and he could deduce 
any other distance at 
pleasure ; by wlych 
means he compared the 
distances computed on 
this hypothesisirith the 
distances computed 
^m observation, and 
found that the distances 
in the circle were al- 
■ways greater than the 
observed distances. 
Hence he was assured 
that the orbit was not 




Fig. 42. 



circular, but oval. He was at last led to try an ellipse, 
having the son in one of the foci : this he found to 
answer by a eomparison of a groat number of observa- 
tions of Mars. He conclnded the same t« be tme for 
all the planets, and soon ascertained that eaeh deuribed 
tqwl areas in equal times roumi the tun. 

252. The last discovery of Kepler was, that the 
tfuaret of the periodic timet area* the eulet of th« grt»t«r 
axet of the eltiptes. This discovery was made many 
years after the two former ; he conceived there must he 
some relatioa between the motions of the respective 
planets, which led him to search for that relation, and 
tho above law was the result, which seems to have 
given him as much pleasure as any of his discoveries. 
We now know that this remarkable proportion is a 
simple result from the principle of universal attraction 

L.3.i:-:ij,XAK>^k 
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irMch pervades all bodies. How great must have been 
the Batisfaction of Newton, who first eetablished the 
exiBtence of universal gravity, and by the application 
of mathematical principles showed that the three 
famous discoveries of Eepler were necessary conse- 
qnencea of that universal property of bodies. 

253. It will not be convenient here to enter into a 
forther detail of the methods by which all the parti- 
culars of the elliptical motions of the planeta have 
since been established. They may be found in the 
copious astronomical treatises of Lalande, Professor 
Yince, Delambre, and others. 

The computations made firom the elements of the 
elliptical motions agree so precisely with observation, 
that not a shadow of doubt can remain, that the 

Elauetary motions are performed according to the above 
IWB ; and all that may bethought necessary here is to 
show briefly, how the geocentric place of a planet may 
be computed &om the elements of its motion in an el- 
liptic orbit about the sun, and so compared with the 
same given by observation. 

254. When a planet is at its greatest and least dis- 
tances from the sun, it is said to be in Ap/ulion and 
PeriMion. The ratio of tJie distance of the sun firom 
the centre of the ellipse to the semiazis major, is called 
the eeemtrieity of the orbit. If the angular motion of 
the planet about the sun were uniform, the angle 
described by the pltmet in any interval of time, after 
leaving Aphelion, jnight be found by simple proportion, 
from kno-wing the periodic time in which it describes 
860°: but as the angular motion is slower near Aphe- 
lion, and fester near f erihelion, to preserve the 
equable descriptiou of areas, the true place wHl be 
behind the mean place in going from Aphelion to Peri- 
helion ; and from Perihelion to Aphelion, the true place 
will be beforethe mean place (p. l7l). The angle at 
the sun contained between the true and mean place is 
called the equation of the emtre. The angle between 
the Aphelion and mean place is called the mean anomaly, 
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and the angle between tbe tme place &nd Aphelion 
the true anomaly. 

255. The tables give the mean place of the planet in 
its orbit at some given time, called the epoch ; fl^m 
thence the mean place at any other time may be found 
either by the tables, or by proportion: if &om this the 
place of Aphelion be subtracted, the mean anomaly of 
the planet is obtained, and &om thence the true place 
ie to be foond. The iiumeTOUs calculations, now requi- 
Bite in astronomy, make it necessary that all the aid 
possible should be derived from tables. Accordingly 
the tables give the mean motion about the sun for 
years, days, hours, &c., the place of the Aphelion,* and 
the equation of the centre and distance fwm the sun, 
for different degrees of mean anomaly. Thns we ob- 
tain the true place of the planet as seen from the aun, 
and its distance &om the enn. The difference between 
the place in its orbit and the place of the node gives 
its distance from the node ; whence, from knowing the 
inclination, we can compute its angular distance on 
the ecliptic from its node, and also its angular dis* 
tance &om the ecliptic, and thus find its heliocentric 
longitude and latitude. Hence, knowing the earth's 
distance from the sun, and its place, as seen &om the 
sun, we can compute, by the converse of the method 
in Art. 242, the geocentric latitude and longitude. 

The best tables of the motions of the planets contain 
the corrections to be applied on account of the mutual 
attraction of the bodies of the system, by which their 
motions are disturbed, and by which also their nodes and 
Aphelift slowly change their places. In general three 
complete observations of a planet determine the orbit in 
which it is moving. This may be seen easily from the 
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geometry of the conic sections ; for if we have three focal 
radii vectores of an ellipse, FA, PB, FC, and the angles 
between them, AFB, BFC, we can determine the curve 
completely as follows t — Auame the directrix (which is 
to be determined) to be known, and let perpendiculars 
AR, BS, CT be let fall on it from A, B, and C, theajoin 
BA, and produce it to meet the directrix in X, we have 
BX: AX::BS: AR:; FB ; FA; therefore Xia known. 
In the same manner, if CB be produced to meet the 
directrix in Y, we have Cr : BY : : CT : BL : : FC : 
FB ; consequently Y ie known, and therefore XY the 
directrix ie given in position. Let fall a perpendicular 
FZ from the focus on its direction, and cut it internally 
at O, and externally at H, in the ratio of FA : AE, and 
and & will be the extremities of the greater axis. 
256. RBL*.TioirB BETWEEtr the Usan Aro]ca.lz ahh 

THE £CCESTBIC; Ann BBrWKBN THE F^BNTSIC AHD THB 

Tbve. — The true place of the planet in the ellipie, or the 




trve anomaly (v) may he deduced irom the mean anomaly 
(m) by meaneof another angle called ^eEeeentrie AnO' 
maly («), which is the angle MCN at the centre of the 
ellipse, between the greater axis and the line CN, drawn 
from the centre to the placeN, where a perpendicular to 
that axis, PK, when produced, meets the semicircle de- 
scribed on the greater axis of the ellipse. Let FN join 
the focus F with the point N, and ACB be the mean 
anomaly. Let ( be the time from Aphelion, and T the 
time of describing the semiellipse, it is evident that the 
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eectoT ACE : area of semioirele : : mean anomaly : 180* 
: : ^ ; T ; ; area of elliptic segment APP ; area of semi- 
ellipae (by Kepler's second law) : : area of the figure 
AFN : area of eemioircle on the greater axiH ; /. the 
sector ACR = flgnre kS'S = the sector ACN + the 
triangle FCN, consequently 4AC x atgle ACR = -iAC 
X angle ACN + ^FC x CS sm MCN, but EC = CA x 
eccentricity (a), and GS = CA, consequently dividing 
by ^AC* ; ACB= ACN + * sin MCM. As the anomalieB 
Bxe reckoned &om perihelion, we mnat increase these 
angles each by 180*, and consequently we hare the re- 
lation' 

M = w - # sin w. 
In orderto find the relation between the eccentric and 
the tme anomaly, draw the tangents NL, PL, and let 
them cat at and H the common tangent ATT drawn 
at A to the semioirele, and the semiellipse; join CH 
and rO; by the properties of the ellipse NCA is 
bisected by CH, and PPA is bisected by FO j con- 
sequently ~ = tan ^ t(. and -r^ = tan ^ v (counting 
trotSL Aphelion A), and consequently, tan ^ u : tan ^ v 



• We have n«i aboTe Ihat Uw uu AFIT = tha aactor ACR, takbiB 
■way tbc common part, ACK, the irianglo FCN = tlio aector HOB 
(which may be cooalilered aa a trianels niice BN la gmall), conaa- 
qnenlly CN and FR are nearly parallel, and CFB c: the eccantiic 
anomaly nearly. Thenfbre in (he triangle PCB, FC -I- CB : FC ~ 
CR ; : l«Q i (CFR + FRC) : tan t (CFR - FRC) : : tan 1 
maan anomaly : : tan ^ J . Let CFB c^^ »' uid J '^ 2h' - b' 
COnaeqnemly the nieao anomaly = 2ii'+ I. Let the diSeranoa be- 
tween the alrict eccenlric anomaly («), and the approximate (■'), b« 

(h' + x) - e ain (■' 4- «) = ■ -I- z - ■ tin ■' '- « z coa u' (ainee v la 
Tery amallj ; therefore, if n'-i ain »' = (■'; m=m'+i{l-i amm"), 
aonwqaentlr « = — = -where a coa ■' = coa f . Tha 

2 
arcentrlc anomaly tbua fbi 
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in a ratio compounded of the ratios of HA : OA, 
and of AF : AC; but HA : OA : : NM : PM : : 
DC : BC (by the pmpertieB of the eUipse), conse- 
qaently multiplying theee ratios we obtain the follow- 
ing relation : tan ^ ti : tan ^ c : : AF : BC : : AC + 
CF : v^AC ~ OF" : : y^AC + CF : v'AO -CF, 

tan i w = ^ p!^ tan 4 p. 

297. Tho problem for finding the true fh>m the mean 
anomaly, or, whicb comes to the same, to divide the 
area of the semicircle, by a line drawn from a point in 
the diameter, in a given ratio, has long been celebrated ; 
and known by the name of KepUr' a probUm ; he first 
endeavonred to solve it in conseqnence of his discovery 
tbat a planet describes eqnal areas in equal times about 
the sun. No exact solntion can be given; it must be 
done either by continued approximation, or by help of 

258. Astronomers were not long in adopting Kepler's 
discovery of the elliptical motions of the planets, but 
they long hesitated in adopting the equable description 
of areas, in conseqnence of the difficulty it involved of 
finding the true from the mean place. They instead 
thereof had recourse to such hypotheses for the law of 
motion as would afford them easy rules for finding the 
true from the mean place, and at the same time wonld 
give tlie computed place nearly within the limits of the 



• It his gwiinll; goat by (be name ot Ward'* Solution ; Tet be 
did not cUtm It u bii own, bat acknowledged liimself indebted to 
Boallliald Tor the hint thit led him )a lU The fact is, that Kepler 

not mlBciently «ccur»t«. It is raaj to proTn, geometrically, that if 
we take two eonMcntive points P, P' on an allipM, and join eaih ot 
them with the tHO foci P, F' that the nnall perpendicnUr (rom F on 
FP' ii eqiul to the amall perpendicular from F' on YV, conseqoenlly 
the angnlar velocity round F : that round F* : : F' P ; FP ; but the 
an|!uUr velocity round F varies inversely aa the square of FP (by 
Eepler'e second law), and hence that roand F variea inveracly a> 
FP'F'P, that ia ai the Invsm iqDare o[ (he Mmiconjiigat* dianieter. 
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errora of observation. One of the most celebrated was 
that of Seth Ward,' known by the name of the SimpU 
Elliptic By pothesU: its value was derived, not from its 
accuracy, but from the elegance of the analogy used. 
He supposed the motion equable about the focus in 
which the sun was not ; and from thence it easily fol- 
lows that the Aphelion diat. : Perihelion diat. : : tan ^, 
mean anomaly : tan. ^ true anoin. ; for, if P be a point 
on an ellipse, and F and F' the foci j join the focal dia- 
taneea FP, F'P ; and produce P'P to tl, bo that PQ = 
PF and join QF. In the triangle QFF , QF' + FF' : 
QP'- FF" : : tan I (F'FQ + FaF') : tan J (F FQ - FQF) ; 
that is, 2 Aphelion diat. : 2 Perihelion dist. : : tan \ 
mean anom. : tan ^ true anom. The anomaly thus 
found may sometimes differ in the orbit of the planet 
Mercury 33' from the truth, and in that of Hars 7'. 
As no satisfactory reason could be assigned for Kepler's 
law, any other law that appeared to show with equal 
accuracy the motions of the planets about the -enn 
had an equal claim to attention. This occasioned the 
inyention of several different hypotheses before the time 
of Sir Isaac Newton : but his discoveries having fnlly 
established the Keplerian law, they were soon laid 
aside. 

The first approximation above given for the eccentric 
anomaly may occasion an error of 5' in the anomaly of 
Mercury, of 20' in that of Mars, &c. 

The eccentricity of the earth's orbit being the diffe- 
rence of the Aphelion and Perihelion distances divided 
by their sum is equal to the difference between the 
sun's greatest and [east apparent diameters, divided by 
their sum, that is 32' 34* - 31' 29", divided by 64' 3", 
or < = 0.01688, (0.01677 from the most accurate ob- 
servations) or j'j very nearly.' 

• A dopling Ward's liypolheaii the angle FPF would approximately 

of the aicd minor wbere the eineolUe half- the eccenlriclty , In the 
case of the earth ^ nearly, this would corrsapond to sin 66', nearly, 
twice which would give fur theequalioa of time arUing from tbia cauM 
7% miQulea(page 171). 

..Cnoylc 
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It is Rbown. that tbe earth describee an ellipse 
ruuDd tbe sun, from tLe fact that its distance, vhicb 
is inversely as the sun's diameter, is proportional to 
\ + e COB. true anomaly. 

259, The following tableexhibitstheelliptic elements 
of the orbits of the principal planets. 
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Three of the Asteroids have eccentricities exceeding 
A, Polyhymnia, .338; Euridice, .306; Atalanta, .3007. 
F^.je'a comet has an eccentricity of .556. 
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CHAPTER XT. 



260. Physical CoKBTErnrioH OF THE Moow. — The great 
improTemeDt made in the construction of telescopes in 
recent times has made us acquainted with the de- 
tails of the lunar surface to an extent to which we 
could not formerly approach. We hare already noticed 
{Art. 134) the exiatenoe of lunar mountains, as proved 
by the bright spots which appear on the dark part) and 
also by the shadows which are specially conspicuoua 
near the circle of light and darkness, when the altitude 
of the sun is low. These are seen only in the phases ; 
none are visible when the moon is full, because in that 
position the visual ray coincides with the direction of the 
rays from the sun. A peculiarity of the lunar moon- 
ttuns is that they are for the greater part of a more or 
less regularly circular shape. The smaller formationB of 
this circular class are called craters; the larger ones, 
varying from 10 to 50 miles in diameter, are called ring 
mountains. These circular mountains bear a striking 
resemblance to volcanoes on our earth ; but they are of 
vastly larger dimensions. Inasmuch as the largest terres- 
trial craters, such as that of Kilauea, in the Sandwich 
Islands, which is three miles in diameter, and 1000 
feet deep, would be equal to only the smallest of these 
formations on the moon. "We have already noticed 
(Art. 134) that Sir W. Herschel supposed that some 
bright spots indicated the existence of active volcanoes 
on the moon. However, Beer and Madler, who have 
pnblished the most complete description of the lunar 
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earface, in their work entitled " Der Mond," state 
that there ia no trace of any preeeut volcanic action on 
itB surface. The most remarkable of the ring raoun- 
tains is called Tyeho, near the mcton's southern limb. 
Their outlines are generally Tory regular, and nearly 
circular; their inner declivity is always very steep, 
and the enclosed area concave, and lo'wer than the 
region surroimding the enclosure. In the centre there 
is often a central peak or cone, thus presenting the 
general character of a vulcanic centre. The largest 
of these circular formatioos, np to 120 miles in dia- 
metar, are called bulwark planes. They are less regu- 
lar, and the ring of mountain ridges is oilen intersected 
by lai^ ravines. The enclosed areo, in their case, 
is generally a plain, on which small mountains and 
peaks are scattered. Although this eireular formation 
of the luuormoustains is prevalent, there are, neverthe- 
less, some mountain ranges which resemble those on the 
earth, as the Alps, &c., though they are entirely desti- 
tute of the large longitudinal valleys of our mountains. 

Another striking feature of the lunar surface is the 
variety in the intensity of light which it reflects. There 
are la^e uniform patches of a greyish tint, which were 
supposed by early observers to be large collections of wa- 
ter, and are still designated by such names as Mare Nu- 
bium, Mare Serenitatis, &c. ; but irom what has been 
already stated (Art. 1.33), they cannot be water; they 
rather show irregularities and undulations of permanent 
forms. These are very extensive, and occupy about 
two-thiids of tbe visible beniisphere of the moon. 
Another remarkable feature is the existence of streaks 
of light, which radiate from tbe borders of some of the 
ring mountains, such as Tyeho, Kepler, CopernicuB, 
&c, ; light from the former extending to a distance of 
several hundred miles. These are specially conspicuous 
at the time of full moon. Some have supposed them 
to arise from lava, melted and afterwards vitrified, 
filling enormous fissures in the moon's surface, caused 
by violent volcanic action. 

The chart of Seer and Madler, of 37 inches diameter, 
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ezhibita the most complete representation of the lunar 
turface. They have measured the height of a large 
number of lunar mountains by the second method in- 
dicated at the end of Art. 135; and in their work 
already mentioned have given a list of heights, 
varying up to 22,823 feet. These heights are, how- 
ever, not to be nnderstood in the same manner aa 
the height of terrestrial mountains, whielr are mea- 
sured above the level of the sea. Lunar monntains 
can be referred, by this method of measurement, only 
to the surrounding plains, of whose elevations nothing 
is known. They are, consequently, simply differeneta 
of elevation. 

201. The most recent experiments show that little, if 
any, heat exists in the light reflected from the moon's 
surface, and that the moon ahaorhs nearly all the heat- 
ing raya which lie at the red end of the solar spec- 
trum, while she reflects largely the violet or blue 
rays, and with them the chemical raya which lie beyond 
the other end of the spectrum. 

The Earl of Hosse is at present engaged in researches 
as to the radiation of heat &om the moon. His obser- 
vations go to prove that the moon'a heat can be de- 
tected with certainty at any time between the first and 
last quarter, and that it varies with the moon's phase; 
that its increase is proportional to that of the moon- 
light, and that a large portion of the rays of high 
refrangibility, which reach the moon from tJie sun, do 
not at once leave the moon's Burfaoe, hut are first 
absorbed, raise the temperature of the surface, and 
afterwards leave it as heat-rays of low refrangibility. 
Hu experiments make the sun's total heat = 82,600 
times the moon's total heat. They also tend to show 
that the heating power of the moon's rays dimimshea 
with her altitude only about one-third as fast as the 
intensity of the solar chemical rays.* It is popularly 



• I'rocef dings uf the Rujal Socielj-, vol. xii., p. .9. 



CHAP. XV.] Motions of the Moon. 209 

believed tlutt the changee of Qie moon influence Uie wea- 
ther. There is no reason to think, from the reBults of 
long-continued obaervation, that such is the case. Sir 
John Herechel notices the fact — also shown bjr the oleer- 
vations of M, Arago — that the skies are generally more 
cloudless when the moon is full, than at new moon. 
This he explained by the absorption of whatever heat 
is reflected from the fall moon by the apper regions of 
the atmosphere, which thus dispels the clouds at that 
time. Professor Loomis, however, states that, from a 
comparison of seven years' observations at Greenwich, 
he has found that at full moon the average cloudi- 
ness of the sky is precisely the same as at new moon. 
We have seen already (Art, 142) that no appreciable 
atmosphere surrounds the moon, so that, without either 
air or water, and consequently vegetation, its circum- 
stances must differ widely from those of the earth. 

262. Motions av the Moon. — The satellites, as well 
as the planets, are found to revolve in elliptic orbits 
round their respective primary planets, having the 
same law of pegodic times; but considerable deviations 
from the equable description of areas take place, in 
consequence of the disturbing force of the sun on the 
satellites, and of the satellites on each other. 

The moon being a solitary satellite, we cannot apply 
the law of the periodic time to it. But its orhtt is 
nearly an ellipse, and it nearly describes areas pro- 
portional to the times, the deviation from which 
arises from the disturbing force of the sun. This 
ellipse, however, does not retain the same position ; 
that is, its points of greatest and least distance, called 
is <q)oge» and perigee, do not retoin the same position, 
but move accordingto the order of the signs, completing 
a revolution in about nine yeare. 

The laws of the principal irregularitiee* of the moon 
were discovered long before the cause of them. 



n for Iheae irregalaritiw (imfirvpeilf lo cilhd) are 
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263. The greatest difference between tbe tnie and 
mean place of the moon, aruing &om ita elliptio 
motion, 01 the greatest equation of the centre, is 6* IS', 
and this is the most considerable deviation &omits mean 
place. But besides the quick motion of the i^ogee, 
completing a revolution in nine years, the eccentricity 
of the ellipse is also variable : hence the motions of 
the moon appear so irregular that it would have 
been almost impossihle to hare developed the elliptic 
motion from the phenomena; and therefore, without a 
knowledge of the form of the planetary orbits, it is 
hardly to be supposed that an ellipse could have been 
applied for explaining the motions of the moon, 
altiiough at first sig^t the superior advantage of 
being in the centre of the orbit might lead ns to 
suppose that the laws of its motions would be more 
easily known, 

2C4. The periodic time of the moon may be ascer- 
tained with great exactness from the comparison of 
ancient eclipses with modern observations. At an 
eclipse of the moon, the moon being in opposition to 
the sun, its place is known from the su^s place, which 
can, back to the remotest antiquity, be computed with 
precision. Three eclipses of the moon, observed at 
Babylon in the year 720 and 719 k. c, are the oldest 
observations recorded with sufficient exactness. By tk. 
comparison of these with modern observations, the 
periodic time of the moon is found to be 27'' 7" 43" 
11 J", not differing half a second from the result ob- 
tained by re43ent observations. Yet we cannot use 
those ancient observations for determining the mean 
motion at the present time ; for by a comparison of the 
above-mentioned eclipses with eclipses observed by the 
Arabians in the Sth and 9th centuries, and of the 
latter with the modem observations itis well ascertained 
that the motion of the moon is now accelerated This was 
first discovered by Dr. Kalley, and since his time h&s 
been perfectly established by more minute computa- 
tions. For a considerable time the cause remained 
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unexplained, till Laplace shoired it to be a varia- 
tioa of a very long period, arising from the disturbaDoe 
of the planets in clianging the eccentricity of the 
earth's orbit. He has compnted its quantity, which 
closely agrees with that deduced from obserration. 
In the year 1853, however. Professor Adams pointed 
out a deficiency in liaplace's method of deducing the 
effect which the secular change of the eccentnoity 
of the earth's orbit produces on thi: mean motion of 
the moon, and found that the true acceleration due to 
this cause is only about one-half of what Laplace had 
oalonlated. This result was fully corroborated by the 
researches of Delaunay and Cayley, The moon's secular 
motion, the motion in a, century, is now 7J' greater ihuu 
it was at the time the above-mentioned eclipses weie 
observed at Babylon. 

265. The two principal corrections of the mean place 
of the moon, beside that of the equation of the centre, 
axo called the evection and variation. The evectlon de- 
pends upon the change of the eccentricity of the moon's 
orbit, and sometimes amounts to 1° 20' 30". This was 
discovered by Ptolemy (a, D. 140). The variation which 
was discovered by Tyoho Hrahp (a.d. 1580) depends 
upon the angular distance of the moon from the sun, and 
amounts, when greatest, to 39' 30". Ee also discovered 
another irregularity, called the annual equation, which 
diminishes the longitude by ll'9''Ksin. {mn't anomaly). 
The other corrections arise only to a few minutes. Hut 
the number of corrections or equations used at present 

., jo computing the longitude alone of the moon are thirty- 
two, and in computing the latitude twelve. 

266. It was before mentioned that the nodes of the 
lunar orbit move retrograde, completing a revolution in 
eighteen years and a half. This motion is not uniform, 
as was first noticed by Tycho Urahe. He also found 
that the inclination of the orbit remains nearly the 
same, but not exactly*. The motion of the apogee is 



• The maun vsIqb of Ihe inclination la &' 8' 56", ll v 
' 57' 2' to 6° 20' 6". The nodua make ■ complete rev 
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subject to considerable irregolariticB : its true place 
Bometimes differs 12^° from its mean place. This was 
known to the Arabian astronomers, but seema to bave 
been first accurately stated by Horrox (a. d, 1639), an 
astronomer of extraordinary powers whose disooveries 
have been already noticed. He showed the law of its 
change, and gave a conBtruction for detcnaining its 
quantity which was adopted by Newton. 

267. On all these accounts the computation of the 
exact place of the moon from theory is very difficult, 
and the formation of proper tables is one of the greatest 
intricacies in this science. 

No small degree of credit is due to the industry of 
those who, by observation alone, discovered the laws of 
the principal irrogularitieB. Ptolemy, by his observa- 
tions and researches, determined the principal elements 
of the lunar motions with much exactness. Horrox, 
who adopted the discoveries of Kepler, formed, about 
the year 1640, a theory of the moon, founded partly ob 
his own observations. From this theoiy, Flamstead, 
about the year 1670, computed tables which he found 
gave the place of themoonfermore accurately than any 
other. Flamstead himself soon after famished ohser- 
vatiouB, by which Sir Isaac B^ewton was enabled to in- 
vestigate, by the theory of gravity, the lunar irregu- 
larities, which he has given in his ever- memorable 
work. Notwithstanding the field opened by the publi- 
cation of the " Principia," and the known necessity of 
exact tables of the moon for the discovery of the longi- 
tude at sea, seventy years elapsed from the publication 
of that great work before any tables were formed for 
the moon, which gave its place within one minut*. 
Clairaut made, after Newton, the first considerable 
advances in the improvement of the limar theory frona 
the principles of gravitation. Professor Mayer, of the 
University of Gottingen, first published tables, by which 
the moon's place might be computed to one minute- 
About the year 1780, ^ix. Uiason, under the direction 
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of Dr, MaBkelyne, improved, by considerable altera- 
tions and additions, tlie tables of Mayer. Better 
tables were afterwards fiimiBhed by M. Biirg, ot 
Vienna, which appear to give the place of the moon to 
less than twenty seconds. The improvements in these 
tables were fonnded entirely on the observations of Dr. 
Maskelyne, for which purpose 3600 places of the moon, 
observed at Oreenwieb ia the space of about thirty 
years were nsed. 

The tables of M. Biirg have been Buperseded by those 
of Professor Hansen, which are now used in com- 
pnting 7%« Nautical Almanac, and C«nH. ie» Temps. 
They ore so accurate as never to exceed an error of 
ten seconds, the average error being only three. 

268. Eclipses of Jupiter's sateUites furnish us with 
ready methods of finding theprincipal elements of their 
orbits. Their mean motions about the centre of Jupiter 
are deduced by observing, after a long interval, the 
time elapsed between two eclipses of the same satellite, 
when Jupiter is near opposition. In this manner the 
mean, motion may be atmined to with great accuracy. 
The places of the nodes and the inclinations of their 
orbits may be found by observing the difi'erent durations 
of the eclipses of the same satellite. Their orbits are 
all inclined by very small angles to the plane of Jupiter's 
equator ; the greatest inclination is that of the third, 
which is 5' 3". The first two satellites move in orbits 
very nearly circular, as astronomers have not been able 
to detect any eccentricity. The third has a variable 
eccentricity. The orbit of the fourth satellite is more 
eccentric. The inclinations of their orbits, and the 
places of their nodes, are variable. 

The complete illustration of the motions of the satellites 
from gravity was long a desideratum in astronomy. 
The attraction of the satellites to each other principally 
occasions the difficulty. M. Laplace has, however, fiilly 
developed their motions, and furnished Theorems, by 
which M. Delambre has computed fables which give 
the times of the eclipses with great exactness. 

The three inner satellites of Jupiter return to the 
same position, with respect to one another, in 437| 
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days. Hence thin ie the period of the irregularitiee of 
the three drat Batellites arieisg from their mutual dis- 
turhance. 
269. OiT THE Oebitb AifD PEBioDic RKTimBB OF Comets. 

— When a comet appeara, the ohBerrations to he rasAe 
for ascertaining its orhit are of its declinations and ri^t 
aflcenBions, from which the geocentric latitodee and 
longitndea are obtained. These observations of right 
ascension and declination muEt be made either with an 
equatorial inHtmment, or by measuring with a micro- 
meter the differences of the declination and right as- 
cension of the comet and a neighbouriug fixed star. 
The observations ought to he made with the utmost 
care, as a small error may occasion a considerable one 
in the orbit. The orbits of the planets being elliptical, 
it would naturally occur to try whether the motions of 
the comets are not also in eUiptical orbits. But here 
the difficulty is much greater than for the planets. For 
the latter we have observations in every part of their 
nearly circular orbits. For the compta we have obser- 
vations only in a small part of their orbits, which are 
very eccentric, and of which many mate considerable 
angles with the ecliptic. Hence to determine the orbit 
of a comet, from such observations as wc can make dur- 
ing its appearance, ranks among the difficult problems 



270. Before the time of B^ewton, aatronomew either 
did not suppose their orbits elliptical, or despaired of 
being able to determine them from observation. Not 
long, however, before the publication of the ' ' Principia," 
M. Doerfell, a German, found that the motion of the 
femous comet of 1680 might be nearly represented by 
a parabola, having the sun in its focus. This comet 
appeared to approach the sun directly, and descended 
from it again in the same manner. 

When the action of gravity was subjected to calcu- 
lations by the illustrious Newton, the theory of the 
motions of comets became perfectly understood, and it 
was concluded that their orbits in gpueral were very 
eccentric ellipses. But in computing an orbit from 
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observations, all we are in general able to do is to 
repreeeDt, with accuracy, the comet's motion while in 
the neighbourhood of the eun, and visible to us. We 
can do this by eupposing the orbit a parabola — that is, 
an ellipse whose greater axis is infinite, and on that 
hypothesis computing ita elements, in which way we 
can determine its path with sufficient exactness to 
make the observed and computed places agree very 
nearly with each other.* It is seldom, indeed, tbat we 
can expect to compute the elliptic orbit from the few ob- 
servations we are enabled to make. We may, it is true, 
deduce many eccentric ellipses that will represent, with 
the same accuracy as the parabola, the apparent mo- 
tion. Were we to attempt to compute the exact ellipse, 
the necessary errors of observation would render our 
conclusioiis quite uncertain. Hence, in general, we 
have no knowledge of the axis, and conaequentiy of the 
periodic time, but from former observations of the same 
comet. 

271. There aresevenelements which we may cmsider 
as determining the identity of a comet : these are the 
Ferihelion distance, the Eccentricity, the place of the 
Perihelion, the time of Perihelion passage, the place of 
the node, the inclination of Its orbit, and its motion 
being direct or retrograde. If two comets, recorded in 
history, are found to agree in these circumstances, there 
can be hardly any doubt of their identity, and con- 
seqnently we obtain the knowledge of its periodic time, 
and are enabled to point ont the flitnre appearances of 
the comet. 

273. Hallet's Comet.— Dr. Halloy found that the 
comet which he observed in 1682 agreed in these cir- 
eumetances with that observed by Kepler in 1607, 
and with tbat observed by Apian in 1531, whence 



* Sir Iiaie Newton firrt gave tbe solution of tbis prablcm, wbich 
ha calla " loDge difficilliinain." Different solutioDS itm sinn been 
fiven by TKiiouB aathois. The bett Mcmi to be tbat of Laplace. 
<" Hecenique Celesle," torn. l,p. SSI.) 
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the foretold that it would return ngam in the lat- 
ter end of 1758, remarking that it would be retarded 
by the attraction of Jupiter. Its motion was retrograde, 
and the elemente of the orbit deduced by Dr. Halley, 
from the obserrationa of Apian in 1531, of Keplerin 
1607, and of himself in 1682, were as follows— to these 
are added the elemente deduced from its appeanmoM 
in 1759 and 1835:— 
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This comet was retarded by the action of Jupiter, as 
Dr. Halley had foretold. This retardation was more 
exactly computed by Clairaut, who also calculated the 
retardation by Batum to be 100 days, in addition to 
a retardation by Jupiter of 518 days. The result of 
his computation, pubhahed before the return of the 
oomet, Azed April 15 for the time of the passage 
through Perihelion; it happened on Uaroh 12. Dr. 
Halley'a own computation appears also veny exact, 
when it is considered that he did not allow for the 
retardation by Satnm. This comet returned in 1836. 
Four different computations fixed that the time of this 
Perihelion passage would be on eiflier Hovember 4th, 
?tb, 11th, or 26& of that year. It aotuaUy passed that 
point on Ifovember 16. The period of this comet 
is 76 J years, and its eccentricity -9674. 

A comet was expected in 1789, because one observed 
in 1532 was supposed to be the same as one observed 
in 1661. Halley mentioned the probability of their 
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being the same, bat not vitb confidence, and the event 
has made it very donbt&l whether they were the same. 

An ingeniouB compatation has been made by La- 
place from the doctrine of chances, to ahow the pro- 
bability of two cometa being the aame, &om a near 
agreement of their elements. It ia unnecessaty to 
detail at length the method here. It aapposea that the 
number of different cometa does not esceed one million, 
a limit probably aufficiently extenaire. The chance 
that two of these, differing in their periodic timea, 
agree in each of the seven elements withia certain limits, 
may be computed; by which it was found to be as 
1200 : 1, that the comets of 1637 and 1682 were not 
different, ttnd thua Halley waa justly almost confident 
of its re-appearance in 1759. As it did appear then, 
and afterwaida in 1835, we may expect, with a degree 
of probability approaching almost without limit to cer- 
tainty, that it will re-appear in 1911, at the completion 
of ita period. But with respect to the comet predicted for 
1 789, from the supposition that those of 166 1 and 1532 
were the same, the case is widely different. Prom the 
discrepancy of the elements of these comets, the proba- 
bility that they were the same is only three to two, and 
we ceaae to be suiprised that we did not see one in 
1769. 

The comet that appeared in 1680 is supposed to have 
been the aame with thoae which were aeen in 1105, 
575, and£.0. 43. The comet of 1556 has been con- 
sidered to be the same as that of 1264. 

273. Lcxbll'b Ookot. — A comet appeared in 1770, 
very remarkable from the result of the computations of 
Lezell, which indicated a period of only 5-^ years; it 
haa not been observed since. There can be no donbt 
that the periodic time of the orbit which it described 
in 1770 was justly determined; for M. Burckhardt 
has aince, with great care, re-computed the obaerva- 
tions, and his result gives a periodic result of 54 
years.* It has been concladed that this comet described 

' Laplus "MAonlqae Ceteate." Tom. 1, p. 223. 
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in 1770 ah orbit quite different from ite former orbit, 
and that its orbit was again changed after that year, 
and this donble change is accoanted for as follows : — 

I>exe]l had remarked that this comet, moving in the 
orbit he had investigated, must have been near Jupiter 
in 1T67> and would also be very near it again in 1779, 
^m whence he concluded that the disturbing attraction 
of Jupiter at its former approach changed the Perihelion 
distance of the orbit, by which the comet became visible 
to us; and that, in consequence of the latt«r approach, 
the Perihelion distance was again, by the same attrac- 
tion, increased, and so the comet again became invisible, 
even when near its Perihelion. In 1767 it was so near 
Jupiter that Jnpiter's attraction on the comet must 
have been three times that of the sun, and this disturb' 
ing action lasted for several montbe. In 1779 the dis- 
tance of the comet from Jupiter was only ^gj of its 
distance from the sun, when the planet's attractioa was 
230 times that of the sun. This explanation has been 
inamanner coniirmedby the calculations of Burckbardt, 
from formulas of Laplace, and afterwards by Leverrier. 
Surokhardt has found that before tbe approach of Jupi- 
ter, in 1767, the Perihelion distance might have been 
508, and that, after the approach in 1779, it may have 
become 3'33. the earth's distance being unity. With 
both these Perihelion distances the comet must have 
been invisible during its whole revolution. The Perihe- 
lion distance of the temporary orbit in 1770 was 0'67. 
This comet is called the Lost Comtt, because it was 
never seen before or since that year. 

274. This comet was also remarkable by having ap- 
proached nearer the earth than any other comet that 
has been observed ; and by that approach having ena- 
bled U3 to ascertain a limit of its mass or quantity 
of matter. Its distance, in July, 1770, was less than 
a million and a half of miles. Laplace has computed 
that if its mass bad been equal to that of the earth, it 
would have shorteued the length of our year by ^ of 
a day. Now it has been perfectly ascertained, by the 
computations of Celambre on the Greenwich observa- 
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tions of the Ban, that the length of the year has not 
been changed in oonseqaence of the approach of that 
comet bj any perceptible qnantity, and thence Laplace 
has oonclndcd that the masn of that comet is less than 
JEF^B ^^ ^^ ""^^ °f ^^ earth. 

275. Enckb'b Comet. — The comet which takes the 
shorteat time to revolve round the Bun, and which is moat 
frequently seen by ua, ia that of Encke. It is a telescopic 
comet, hut is sometimes seen by the naked ere. CometB 
haying appeared in 1786, 1795, 1805, and 1818, which 
were then supposed not to be the aame, circuraBtances 
led Professor Encke of Berlin, in 1819, to suspect that 
these were different appearancea of one comet, of a short 
period; and after elaborate calcnlatioiia, he showed that 
this was the case ; and that the period of thia comet was 
1207 days, or about 3j years. He predicted that it 
would return in 1822; and there-appearance of the comet 
in that year, and in recurring years since, showed that 
hia calculations have been correct. Its eccentricity is 
.8474; Longitude of Perihelion, 158° 1'; Longitude of 
Ascending Node, 334'' 31' ; Inclination of Orbit, 13° 5' 
Perihelion distance, .3382 (leaa than that of Mercury). 
Its greatest distance from the ann is ^ of that of Jnpiter. 

The most interesting question connected with this 
comet arises from the fact, that its periodic time is 
found to diminish slowly, by about ^ of a day in each 
revolution ; this would indicate (from Kepler's law) 
that its mean distance from the aun waa gradually 
diminishing, and that the comet would ultimately fall 
into the sun. No reason, connected with the law of 
graritation, could account for this fact. It wan conse- 
quently suspected by Encke, that the planeta and comets 
moved round the sun, not in free space, but in some 
kind of resisting medium of extreme tenuity, acting 
sensibly upon the motion of a body of auch small denaity 
as the comet. Such resistance would dimimHh the ve- 
locity, and therefore the centrifugal force, and the sun's 
attraction would then diminish its distance We have 
not the means of knowing whether other comets are 
similarly affected, inasmuch aa there are but two others, 
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Halley's and Faye's, whose retnma have been carefully 
obaerred. 

Eocke's comet approaches to the sun within the 
orbit of Mercury ; con&equently, the disturbing action 
of the attraction of this plaaet upon the comet has 
enabled us to calculate the mass of Hercury which 
IB proportional to ttiat force. 

276. rATB'sCoKBTwasdiBcoveredhyll.Faye.ofParia, 
in 1 843, who computed that it would return in less than 
Tiycaiu Le Verrier predicted its return on AprDS, 1851, 
and it reached its Perihelion within a day of that time, it 
has since appeared in 1858 and 186d; and the comparison 
of its obBCTved with ite calculated position, do not lead 
us to think that the existence of any resisting medium 
can be traced in its motions. The observations with 
regard to Halley's Comet have not enabled astrono- 
mers as yet to pronounce as to its being affected by a re- 
sisting medium. 

277. BiBLit.'s CoHET. — Anothercomet of short period, 
and whose orbit is comparable in many respects to those 
above named, was identified by U. Biela, a Bohemian, 
in 1826, with a comet which had appeared in 1772 and 
1805. He calculated that it had a period of 6§ years, 
and it has since been recognised, on its reappearance, as 
predicted, in 1832, 184B, and 1853. The Perihelion 
distance ofthis planet is 0.854 (the earth's distance being 
unity), or about ^ of the earth's distance from the sun. 

This being tbe case, since the longitude ofthe Perihelion 
of Biela's comet is 109° 6*, if tbe comet happened to 
pass its Perihelion on the 30th N'ovember, the day on 
which tbe earth is in that part of its orbit, it would 
enclose the earth in its nebulosity. When this comet 
appeared in 1832, great fears were entertained tbat this 
would be the case ; tbe comet, however, passed the 
Perihelion a month earlier, and consequently got out of 
the way of the earth before its arrival in the same lon- 
gitude. One of the most remarkable circnmstancea 
connected with Biela's comet, was first observed in 
1846, when it appeared as a double comet, one being of 
pei-manent brightness, while the other was first very 
foint, then increased to an equality in brightness with 
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the flret, and then became graduaUy more faint, until 
it disappeared aome weeks before the other. A similar 
appearance "was presented on its return in 1862. By 
tracing the orbits of these comets backwards, it has been 
found that, in September, 1844, they were at a distance 
from each other leas than twice the diameter of the earth, 
from which it has been supposed by some that they 
were originally one comet, which, from some internal 
cause, became divided into two. Biela's comet is so 
small as to be seen with difficulty by the naked eye, 

278. InadditiontoEncke'sjFaye'e, andBiela'scomets, 
there are three others of short period, whose return has 
been predicted and verified by obserration. 

' B'Arbkst's Conet (telescopic) has a period of 6 years 
and 140 days, its distance from the sun at Perihe- 
lion is 111 miUioDB of miles, and it has an eccentricity of 
0.661. Brorsen's comet (telescopic) has a period of S| 
years, a Perihelion distance of 62 millionsof miles, and an 
eccentricity of 0.8023, andWinnecke's (or Pons') comet, 
has a period of 5J years, and a Perihelion distance of 73 
millions of miles, with an eccentricity of 0.756. These 
six comets describe ellipses, whose eccentricity varies 
from a little more than J to a little more than ^, and 
their orbits lie inside that of Satiu^, and do not much 
extend beyond the orbit of Jupiter. Faye'a comet, which 
has the greatest Aphelion distance of the six, extends 
beyond the Aphelion distance of Jupiter only 45 millions 
of miles. 

279. Very great interest was excited in the year 1 843 
by theappearance of a comet, consisting of a t^il of nearly 
60" in length, attached to a. head and nucleus of such, 
great splendour as to have been actually visible in full 
sunshine. The perihelion distance of this comet being 
0'00534, is the smallest on record, and exceeds the 
radius of the sun by only one-seventh of its whole dis- 
tance. Some have supposed that this comet has a period 
of 175 years, being identical with the great comet of 
1668. 
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280. AsTSONOKT fiimielieB several methods of finding 
latitadee and longitudes on land. Bat the latter are 
found with much greater trouble and less accuracy 
than the former. The methods of finding the latitude 
of ft place by observations made by the larger instru- 
meuts have been before mentioned, and it will here he 
only necessary to take notice of the use of Hadley's 
sextant for this purpose. By means of this portable 
instrument, the latitude may be found from observa- 
tions of the sun's meridian altitude, with a dtjgree of 
accuracy sufficient for many purposes of geography. 

281. At sea, the horizon is generally sufficiently 
defined to serve for measuring the sun's altitude by 
Hadley's sextant ; but on land, an artificial horizon is 
necessary, that is, we must make use of an horizontal 
reflecting surface, by which an image of the sun may 
be formed by reflection. We measure, by the sextant, 
the angular distance between the upper or lower limb 
of the BUn and its reflected image, which distance is 
twice the altitude of the limb, because the rays of 
light are so reflected that the angles of incidence and 
reflection are equal 

There are various methods of forming this artificial 
horizon. 3£ercary and water afford the most con- 
venient horizontal surfaces, when sheltered from the 
agitation of the air. For general use, perhaps, water 
ought to have the preference, 

282. With respectto the longitudes of places on land, 
our means of obtaining accuracy are much greater than 
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at sea. We can repeat our obeervatione at onr leisure, 
and ase each obHervationB only as admit of the greatcet 
precision. iFrom the present state of Geography, as 
to the more knows parts of the world, it cannot be 
muclp advanced by the lunar method of obtaining the 
1 ongitode. 

An occultation of a fixed star by the dark edge of 
the moon, observed at two places, the longitude of one 
of which is known, affords the greatest precision ; be- 
cause this phenomenon is inetantaneons. 

Eclipses of the son rank next, but are not quite so bC' 
curate, because the beginning and end of an eclipse of the 
sun cannot be observed ho exactly as the occultation of 
a star by the dark edge of the moon. The transits of 
the inferior planets also afford much accuracy. 

The observationB, however, which occur most fre- 
quently are the eclipses of the satellites of J'upitcr. 
The first satellit«, passing more qnickly into the shadow 
of Jupit«r than the others, is best adapted for thiB 
purpose. Sy taking a mean of the results of tho 
observations made on the first satellite, both in its 
immersions and emersions, great accuracy can be 
obtained. 

2S3. Sy the asaiatance of a transit instmmeitt, the 
longitude of a place can he had from observation of 
the difference of the times of passages of the moon 
and a fixed star, compared with the difference observed 
at Orecnwich, or in some place of known longitude. 

Method of finding the diffmrenee of longitudes of two 
platet on 2anrf by Moon-eulminating ttars, — 'I'he moon 
moves amorg tiie fixed stars, as we have seen, at the 
rapid rate of one minute of space in two minutes of 
time ; consequently, her change of right ascension is 
considerable. If we select a star which has nearly the 
same declination as the moon, and does not differ much 
in right ascension, and not« the interval in time between 
the transits of the bright limb of the moon and that 
star across the meridian of a place, and if we know the 
interval in the corresponding times of transit as seen 
from Greenwich, we know the increase of the moonV 
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right BBcenaion between her croesing of the meridian 
of Greenwich and that of the place ; and, knoving the 
rate per liour at which the right aacenrion changes, we 
can find the time which elapsed hetween the trandta 
of the star at the two places, and coneequentlj the 
difference of longitudee. We may know the interval of 
time between the traueita of the moon and the etar 
ae sctn at Greenwich, either by actual obscrvatitHi, or 
by computations fonnded on the moon's motion aa given 
in the Nautical Almanac. The atar ia selected so as 
to have the aame declination as the moon, in orderthat 
both may be equally affected by instrumental errors. 

The computationa for occultationa, for transits of the 
inferior pl^ets, and for edipsee of the Bun, are long 
and complex. This arisoa from the effects of parallax, 
the phenomena not being observed at the »ame instant 
by each observer. 

284. The only difSonlty, whether at aea or land, for 
finding the longitade, is to ascertain the time at some 
place where the longitude is known. This may beascer- 
tained for near places, as well by terrestrial signals, as by 
celestial ohservationa. An eclipse of a satellite of Jupiter 
maybecomparedtoasignal An explosion or an instan- 
taneous exhibition or extingaiabment of a light being 
obaerred at two places, and the time noted exactly at 
each when it took place, the difference of longitudes 
will be had by simply taking the differenee of the times. 
In this manner considerable assistance has been afford- 
ed to Geography. The difference of longitude between 
two places on the earth's surface can now be found by 
means of the electric telegraph. If we wish to find the 
difference of time (D) between two stations whose dis- 
tance in miles is I, then when a star crosses the meri- 
dian at the eastern station an electric aignal is aent to the 
western station; if T be the time at the eastern station 
and t st the western, and c the velodty of electricity, 

T + --D <9 ^ (1): aimilarly when a star crosses the 

meridian at the western station, the time t' is tele- 
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graphed to the eaatem, and the obserrer there notes 
the time of arrival T'; then f +T) + -=T' (2), suttraet- 

ing (1) &om (2) -we get 2D ; adding them ire get — , 

and hence the Telocity of the electric current. 

285. But the mere knowledge of the latitudes and 
longitudes of places ia not sufficient for the Geographer. 
The exact fignre and exact magnitude of the earth are 
also neoesaary in order to ascertain the exact distances 
of places, to describe end to plan the several coun- 
tries. 

On the hypothesia of the earth being a sphere, 
nothing more is necessary toward ascertiaining its di- 
mensions than to measure the length of a degree of lati- 
tude : that is, to determine the length of an arc of a 
terrestrial meridian, the latitudes of the extremities 
of which differ by one degree. The modeuf ascertaining 
this is easily understood. 

The difference of latitude of two places in nearly the 
same meridian is to be ascertained by celestial obser- 
vations. The distance on the meridian, between these 
two places, is to be obtained by terrestrial measure- 
ment. A horizontal base lino, of a few miles in length, 
is to be measured in a convenient situation, and this 
base is then to be connected with the two places by 
forming a series of triangles, the angles of which are to 
be meaaured by a proper inatrument, and then the dis- 
tance of the two places computed by trigonometry. 

286. Let Q and T ^Flg. 44) represent two places 
nearly in the same mendiMi Qil : the line AC the base, 
the length of which is ascertained by actual measore- 
ment. The angles of the tiiangles XCH, APH, NPH, 
PNQ, also of CKK and CTK are to be ascertained by an 
instrument adapted for taking angular distances. Two 
angles of each triangle would be suffleient, as from 
thence the third angle is known: but to verify the 
observations it ia usual to observe all the angles of each 
triangle. 

4 
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The base AC and the angles of the triangle ACH 
l>emg known, the other rides ATT and HC are had by 
compntation, and thence the aides of the trianglcB APK, 
PHN, PNa, CHK, and CTK. 

From T draw TMG d q 

perpendicular to the me- 
ridian QM, also let DQ, 
PE, and CP be perpen- 
dicular to OM, and PD, 
AE, AF, and CG par- 
allel to the Bame. 

NowQM = DP+AE 
xAF + CG. The sides 
PQ, PA, &c., being 
known, PD, AE, Ac, 
will be had by the so- 
Intion of right angled 
triangles, provided the 
angles DQP, EPA, &e., 
are known. These an- 
gles will be known if 
Uie angle PQM, oi the 
angle that the direction 
of one of the stations P 
seen from Q makes 
with the meridian, be 
known. This angle may 
bo obtained by different 
methods. 

The son being ohserred in the same vertical circle as 
the object P, the azimuth of the sun may be computed 
from tiie latitude of the place, the declination and dis- 
tance in time of the sun from the meridian : thus the 
azimuth of P, or the angle PQJtf, will be had. 

The pole star, when near its greatest elongation from 
the meridian, changes its azimuth very slowly, and 
therefore is very convenient for ascertaining the direc- 
tion of the object in respect to the meridian. The 
differences between the azimuth of the pole star, when 
at its greatest elongations east and west, and the aii- 
math of the object being obtained, half the sum or dif- 
ference of these will be the azimuth of the object. 
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It is evident that when the mclination of FO to the 
meridiati ia known, the inclinatione of PA, AC, &e., to 
the meridian and ita pataUels will also be kaown, be- 
caaee the inclinatioas of these lines to «ach other are 
known. 

The obserrationa being made for aacertoining the 
length of QU, the difference of latitudes of the stations 
Q and P is to be observed with the utmost accuracy, 
by means of a zenith sector or other iuatrument afford- 
ing aufficient exactness. 

For this purpoae the zenith distance of a star near 
the zenith is to be obserrul at each place, and the sum 
or difference, according as the star is on a different or 
on the same side of the zenith at each place, will give 
the difference of latitude. The changes in the apparent 
place of the star between the observations, arising from 
aberration, &c., must be taken into account. 

The length of the arc of the meridian, corresponding 
to a known difference of latitude, being thus found, the 
length of one degree will be had by a simple propor- 
portion. 

287. The minute parttculara that must be attended 
to, in order to obtain the greatest accuracy, cannot be 
enumerated b^re. They are to be met with in the 
several accounts of the modem measurementa. 

If the instrument used in measuring the angles give 
the angular distance, and not the horizontal an^ar dis- 
tance between the objects, the elevations ordepreawone 
must be also observed, that the horizontal angles may 
be computed. 

The triangles fonHed are not plane triangles, but 
spherical triangles not differing much from plane. The 
sum of the three angles of each is therefore somewhat 
more than 180°; but this excess is easily computed, 
and therefore the sum of the three angles may be still 
used for verification. 

The computations of spherical triangles being more 
dificult than of plane triangles, mathematicians ba^e 
devised ingenious methods to reduce the computation of 

a2 
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these spherical to plane triangles, being assisted by the 
email difference between them and plane triangles. 

288. The reaults of different measurements have 
shown that the degrees towards the poles are longer 
that those nearer the equator ; and therefore that the 
earth is not exactly a sphere. This will be better un- 
derstood by a short account of the principal steps by 
which we have arrived at our present knowledge of the 
form and dimensions of the e^th. 

289, The first modem measurement distinguished 
by a tolerable degree of accuracy is that of Norwood, in 
1635. He ascertained the difference of the latitudes 
of London and York, and then measured their distance, 
allowing for the turnings of the roads and for the as- 
cents and descents. From which he deduced the length 
of a degree = 122,399 English yards. According to the 
latest determinations it should have been = 121,660 
yards. 

At this time no circumstances were known which 
could tend to a knowledge of the. exact figure of the 

In the year 1671 it was discOTered, by acomparison 
of the times of vibrations of the pendulums at Cayenne 
and Paris, that the weights of bodies were less near the 
equator than at Paris. From whence Huygena consi- 
dered it probable that the form of the earth was not 
spherical, but that it was a figure formed by the revo- 
lution of an ellipse about the lesser axis. Sir Isaac 
Newton, arguing from juster principles than those of 
Huygena, was also led to the same conclusion, and 
actually computed the ratio of the equatorial and polar 
diameters on the hypothesis of the earth having been 
at first a homogeneous fluid, revolving on its axis. 
The ratio of the equatorial to the polar diameter he 
found to be 230 : 229. At this time, 1686, no evidence 
from actual measurement existed, but Newton lived 
till it was ascertained by observation that the ratio of 
the polar and equatorial diameters of Jupiter was nearly 
such as his theory gave on the hypothesis of an uni- 
form density. He also lived till the results of actual 
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measurements made inFrance appeared entirely incon- 
detent with the form which he had assigned. Subse 
quent meaaurements, made soon after Newton's death, 
fully established that the equatorial exceeded the polar 
diameter. 

290. Pieard, in 1670,measuredaiiarcof themeridian, 
commencing near Paris and extending northward, and 
found, in latitude 49^°, a degree = 121,627 yards, dif- 
fering only by about 35 yards from what is now con- 
sidered as the most exact length. This accuracy seems 
to have been accidental, and obtained by a compensa- 
tion of errors. 

A few years afterwards, by order of the French 
King, Cassini, assisted by several other aetrononiers, 
undertook the measure of the whole arc of the me- 
ridian, extending through France from Dunkirk to 
Collioure. This work was finished in 1718. Among 
the results obtained, it was found that in latitude 46° 
a degree of the meridian =121,708 yards, and in latitude 
50° -121,413. 

Thus the degrees appeared to diminish as the lati- 
tude increased, instead of the contrary. For it is evident 
that if the curvature of the earth diminish as we recede 
from the equator towards the poles, the degrees of lati- 
tude ought to increase, because the less the curvature, 
the greater space must be gone over to change the ele- 
vation of the pole by one degree. This result, therefore, 
appeared to contradict Newton's conclusion, that the 
earth was nearly an oblate spheroid, that is a solid, 
formed by the revolution of an ellipse about its lesser 
axis. To support Newton's conclusion, it was objected 
that these degrees were so near each other that the 
errors of observation and meaBUrement might greatly 
exceed the difference of degrees that would come out 
from computation by Newton's figure. But this mode 
of getting over the difficulty was not satisfactory. It 
was still contended by some of the French Academicians 
that the polar diameter of the earth was greater than 
the eq\i atonal. 

To remove all doubt, it was proposed that two de- 
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grecs Ehonld be measured, one as near to the equator, 
and the other ae far northward, ae coareniently could 
be done. 

Accordingly, iu 1736, a company of French and 
Spanish aatronomers went to Peru, to measure an are 
near the equator; and a company of French and Swe- 
dish astronomers undertook to go to Lapland, and mea- 
sure an arc near the Arctic circle. 

The iateteating particulars of their labours and 
difficultieB have been minutely described hy themselves, 
and their exertions for attaining the utmost sccnracy 
cannot be suficiently admired. 

From a comparison of the measurements In Peru and 
in France, the equatorial diameter* appeared to exceed 
the polsj- by about jj^ part of the whole. 

From a comparison of the measurements in Lapland 
and in Prance, the excess appeared to be j-fn- 

Thus the principal point was settled, that the carti) 
was flatter towards the poles ; but the quantity of that 
flatness seemed by no means ascertained. The mea- 
sures in Lapland and iu Peru seemed quite discordant. 
But &om several circumstances, greater confidence was 
placed in the measure in Peru than in Lapland ; al- 
though the latter seemed executed with all due care. 

291. Arcs of the meridian have since been measured 
in several countries ; but till this century no satisfac- 
tory conclusion was drawn respecting tiie degree of 
ellipticity in the earth, and even now greater exactness 
is desired. 

In the year 1787, it was determined to connect the 
observatories of Greenwich and Paris by a series of 

■If the dpniitf of the eartli »ere unifarm, and if the earth hnil 
been originally in a fluid state, <ta form would t>e accurately that of a 
spheroid, gonenited by the revdutlon of an ellipse abant itBniinarBii& 
The proportion of ite diameters would Iheii be readily inreatigaled 
from B comparison of the lengths of two degrees of talilude (Vince'a 
AHrr.nomy, Vol. li. p. 98). As, howeier. the enact (opm of llie 
earth la cot known, the inrestigatinn of the propflrtinn of the dia- 
n:«teni from Ihe comparison of two degrees of latitude i» oaty ID lie 
cunsidetcd as a near approximatiun. 
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triangles : and to compare tiie differences of longitudes 
and latitudes, ascertained b^ astronomical obserrations, 
with those ascertained by actual measurement. The 
late Major-General Roy conducted the British measure- 
ment. The British Triangles were connected with 
those of the French, by obaervatione made across the 
Straits of Dover. In this manner, assuming the lati- 
tudes of the respective obsei^ations, as had been pre- 
viously ascertained, it was found that in latitude 50° 
10' a degree of the meridian was 121,686 yards. 

The measurement in England, which was begun 
with a reference only to the relative situations of the 
observatories of Greenwich and Paris, was extended to 
a survey of the whole kingdom. This, General Roy 
having died, was conducted by Colonel Uudge, with 
great skill and assidnity. In the course of his survey, 
in the year 1801, he measured an arc of the meridian 
between Dunnose in the Isle of Wight, and Clifton in 
Yorkshire. The difference of latitude (nearly three 
degrees) was ascertained by an excellent zenith sector 
made for the occasion. 

from this measurement it resulted that the length 
of a degree in latitude 52° 2' - 121,640 yards. 

292. An are of the meridian of nearly 10° in length 
has been measured in India, between a station near 
Cape Comorin, in lat. 8* 9' and a station in the Nizant's 
dominions in latitade 18* 3'. This has been achieved 
by the exertions of Major Lambton, continued dnring 
several years. He was famished with excellent instru- 
ments, similar to those used by Colonel Mudgo. The 
result of Major Lambton's measurement gives 120,975 
yards forthe length of the degree in latitude 13°. 3* If. 

A comparison of the degrees ascertained by Colonel 
Mudge and Major Lambton gives the excess of the 
equatorial above the polar diameter — y^. 

293. At the time the English measurement was go- 
ing*on, the French astronomers, Mechain and Delamhre, 
engaged in measuring the arc of the meridian &om 
Dunkirk to Barcelona, which places are nearly nnder 
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tte same meridian, and differ in latitude by about 9^°. 
Their operationa commenced in 1792, and after Btmg- 
gling -with the greatest difficulties, arising from the un- 
happy situation of their country, they succeeded in 
accomplishing the object of their labours. From thia 
measurement, compared with the measurement near the 
equatoi in 1736, &c., they deduced the excess of the 
equatorial above the polar diameter = jj^. 

294. In the year 1802, M. Swanberg and other 
Swedish astronomers undertook to repeat the opera- 
tions of the Trench Academicians, -which they had 
performed near Tornea in Lapland, in 1736. This was 
an object of considerable importance, on account of the 
different results deduced from the comparisons made 
with the measurements in France and Peru. 

M. Swanberg has given a moat able detail of this ope- 
ration and of the computations. The result which he 
deduces from a comparison with the new measurement 
in France, is an excess of the equatorial above the polar 
diameter = ^j. 

A compariaon of the measurement of Major Lambton 
and of his own gives the excess the same, viz., -g^j- 

Other comparisons incline him to fix the most pro- 
bable excess at jjy. 

The discordance of the degree measured in Lapland 
in. 1736 and 1803 led to an examination of the source 
of the difference ; and it appeared that the French Aca- 
demicians had erred ten or eleven seconds in the latitude 
of one of their stations. All their other measurements 
were verified. This error was sufficient to account for 
the difference of results. 

295. The operation of measuring a degree of latitude 
consists in ascertaining the length of the arc of the me- 
ridian, and in ascertaining the difference of latitudes 
of the extremities. The latter part is not ansceptible 
of near so great accuracy as the former. A second 
in latitude answersto about 33 yards, and the difference 
of latitude cannot be probably ascertained nearer thau 
two seoonda, supposing no cause of irregularity to affect 
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the plnmb line. But there ia eufflcient proof that the 
plmnb line is BometiiiieB displaced several eeconds by 
the attraction of monstains or of different strata. Colond 
Uudge and the French aBtronomers experienced this, 
in a conajderable degree. 

The terrestrial meaaurementa are sueceptihle of 
great accuracy. It is usual to measure a base of Teri- 
fication as far distant from the first base as can con- 
veniently be done, and then compare this base with its 
length deduced by compatation, from the first base and 
the angles measured : this was done by the French 
astronomers in their late survey. The length of the base 
of verification measured was upward of 7 miles, and at 
the distance of above 400 miles from the former base, and 
yet it did not differ by 12 inches from the length in- 
ferred by computations. In the Ordnance Survey the 
computed lengths of the baae did not differ from the 
measured lengths by three inches in five cases out of 

296. The instruments used in the English measure- 
ment, and iuthatbyUajerLambtou, were a steel chain, 
an instrument for tiding horizontal angles, the circles 
of which were 3 feet in diameter, and a zenith sector. 
Mr. Bamaden exerted his great talents in making the 
construction of these instruments as perfect as possible. 

The first base in the English measurement was above 
five miles in length, and was measured in 1787 by glass 
rods: it wasagainmeasuredin 1791 by thesteel chain, 
and the two measurements differed only hy about 3 
inches. 

The instrument for taking the angles, sometimes 
called Eamsden's Theodolite, besides the accuracy it 
afforded, gave at once the horizontal angles, in which 
it had a great superiority over the instruments by 
which the angular distances between the stations were 
taken, and which afterwards required to be reducedhy 
computation to the horizontal angles. 

297. In the measurements in France and Lapland, a 
repeating circle, of which the radius was only a few 
inches, was used for taking the angles and making the 
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obaervatioDB for tbe difference of latitudes of tlie ex- 
trcmitieB of the arcs. However inadequate at first 
Bight Boch an instmment may appear to obtain con- 
clusions in which extreme accuracy ie required, it must 
be alloined that it Ailly answered uie purpose for whicli 
it wag intended. The length of the computation was 
maoh increased, as the angles observed were to be re- 
duced to the horizon, and other reduotions made : but 
these inconTcnienceB seem much more than compensated 
by the portablenesB of the instmment. 

The French base was measured by rods of platina : 
the Swedish by rods of iron : the requisite aUowanoe 
was made for the changeH of temperature during the 
operations. 

The Irish base for the calculations of the Trigonome- 
trical Survey was measured at Lough Foyle by means 
of a combination of two parallel bars, the lower of brase 
and the upper of iron, connected at the middle; as the 
expansioa of brass from heat is to that of iron as 5 to 3, 
it IB easy to see that if perpendiculars at the extremities 
of this compound bar be produced, so that the whole 
line produced be to the produced part in this ratio, their 
extremities will remain unaltered in position by the 
expansion of the bars. 

298. The result of the measurement in France has 
been used to ascertain a standard of measure. The length 
of a quadrant of the meridian was computed, and found 
to be 5,130,740 toieee, or 10,936,578 English yards. 
This was divided into ten million puts, and one part, 
which was called a DM^re, was made thennit of measure. 
All other French measures are deduced decimally from 
this. The French metre then is 10,936,578 yards, or 
39-37 inches nearly. 

Computing from the length of the degree in latitude 
45* the mean diameter of the earth comes out 7912 
English miles nearly, and the equatorial diameter will 
exceed the polar by about 26471 miles,* the equatorial 
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diameter being 7,925-604 miles, and the polar diameter 
7,899'1 14miles ; this is the result given by Bessel. Airy's 
is very nearly the same; he makes the former to he 
7,925-648 milea, and the latter 7,899,170 miles, and 
the proportions nearly as 300 to 299. In our latitude thera 
are very nearly 365,000 feet in a degree of the meridian. 

thin that of ir«iiperlnis (ride Conn, del Tomp. 1808). Sep«r«te le- 
cnunisofthe inensuremeDU in Peru vere publisbed by UUoa, Bouguer, 
and Condamine. 

A very parllcular aceamit of tbe Tneaanramenla in FraDce was pnb- 
bllnhed by GasHinI, En 1744. 

The paniculara otlbe recent measurement in Prance liave been 
published bv Delambra, and of that in I^pUud by Swtinberg (vide 
Conn, dea temps. IS08). 

An sccount of the raesaurement by General Roy will be found in 
■he Phil. Trans, for 1787 and 1791). OF that by Col. Modgeln tbe 
Phil. Trans, for 1803. 

The latest account of Major Lambton's meaanrement It given in 
the Phil. Trans. IgIS, p. 2. 

An In lereaCing account of the different tneasnremenls it ilso given 
under [he article "Degree,'' in Reea's Cjclopffldia. 
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299. AuoHG the different divisiona of time, the ^rtl 
year is one of the most Important. The »olar year, or 
the interval elapsed betveen two Buecessive retuma of 
the aim to the same equinox, includes all the varieties 
of seasons. 

The civil year muat neceasarily eonsist of an exact 
number of days ; but the solar year coneistB of a 
certain numhet of days, and of a part of a day (Art. 
246). Hence an artifice is necessary to keep the com- 
mencement of the different seasons as nearly as possi- 
ble in the same place of the civil year : that is, if the 
sun enter the equator on the 20th of March in one 
year, that it may always enter it on the aame day, 
or nearly on the same day, and that the solstices may 
be always as nearly as possible on the same day. 

The common civil year consists of 365 days ; the 
solar year of 365 days, 5 hours, 4S minutes, and 50 
seconds, or 365 days, 6 hours nearly. 

It is evident that if each civil year were to consist 
of only 365 days, the seasons would be later and later 
every year, and in process of time change through 
every part of the year. 

300. In the infancy of astronomy it was not to be 
expected that the exact length of the solar year could 
be obtained with much accuracy, and we find the 
Egyptians, and other nations, availing themselves of 
another method by which they regulated the time of 
their agricnltnral mbours. They observed when Siriua 
or ArotnroB, or some other bright star, after it had 
been obscured by the splendour of the solar raya, first 
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became visible in the east before sunriBC. This is 
called the heliacal rising of a Btar. From this tame 
they reckoned & certain number of days to tho com- 
mencement of the respective seasone of ploughing and 
sowing, and of other labours in husbandry. 

In this manner they dispensed with an exact know- 
ledge of the length of a year. They were ignorant of 
the precession of the equinoxes, which in a few cen- 
turies would have occasioned their rules to fail, or 
rather to change. 

301. The first useful and tolerably exact regulation 
of Uie civil year, by help of the solar, took place 
in the time of Julius Cfeear. It was then provided 
that every fourth civil year should consist of 866 days, 
and the addition of the day should be made " die 
sexto calendasmartias," whence the term hu»extiU ap- 
plied to the year that consists of 366 days. "We usually 
call it leap year, and the additional day is called the 
29th of February, 

The Calendar so ordered was called the Julian Ca- 
lendar. 

302. By the Council of Nice, held in the year 326, 
it was fixed that the feast of Easter, by which the 
movable fasts and festivals of the Church are regu- 
lated, should be the first Sunday after the first full 
moon, which happened on or after the 2lBtof Uaxcli. 
At that time tie equinox happened on the 2lBt of 
March. Thus the festival of Easter was intended to 
be regulated by the spring equinox. 

303. At that time it must have been known that the . 
excess of the solar year above 365 days was not quite 
six hours, and that, therefore, in using the Julian 
Calendar, the equinox would happen sooner every 
year. There, however, seems to have been no provision 
made on that account. 

The true length of the solar year being less than 
365 days, 6 hours, by 11 minutes nearly, the equinox 
every fourth year was nearly 44 minutes earlier, and 
in course of time the 21st of March, instead of being 
the day of the equinox, might have been the day of 
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the summer solstice. Thas the fast of Lent tmd festi- 
yal of Easter might have been observed in the middle 
of auntmer. 

This incocTenience was foreseen before any material 
altcTQtiott had taken place. Is the time of Pope Gre- 
gory, in 1577, the equinox happened on the lltb 
of JJarch, or ten days before the the 21at. It was 
then determined to remedy the error that had already 
taken place, and to provide against a future accu- 
mulation. 

It must he generally allowed that it was right to 
guard against an increase of the error, but it may be 
doubted whether a greater inconvenience did not take 
place to the people in general by correcting the error 
of the ten days, than if it had remained, 

304. The 5th of October, 1582, was called the 15th, 
and thus the equinox was restored to the 2lBt of March. 

A recurrence of error was prevented in the following 
manner. The true length of the solar year, as far aa 
it was then known from the best tables, founded on 
the observations of Copernicus, Ptolemy, and Hip- 
parchuB, was 365 days, 5 hours, 49 minutes, and 16 
seconds. By adding a day eveiy fourth year, in four 
years the addition was 4 x (iO" 44") too much, or the 
accumulation of error in 400 years = 400 x { 10" 44') 
= 2 days, 23 hours, and 33 minutes nearly. Hence if, 
instead of making mery fourth year leap year, every 
hundredth year for three centuries successively be made 
a common year, and the fourth hundred year he a leap 
year, the error in 400 years will be only about 27 
minutes, and therefore the error in 20,000 years would 
not he more than a day. 

Hence the correction adopted by Pope Gregory, that 
the years 1700, 1800, 1900, 2100, 3200, 2300, 2500, 
which, by the Julian Calendar, are leap years, should 
be common years, and that the years 2000, 2400, &c., 
should remain leap years, is quite sufficient. The 
more correct length of the solar year, as now determined, 
proves the Gregorian correction less exact, hut not 
materially so. 
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805. TheGregorian, or the new style, was not adopted 
in Protestant coantrieB till a oonaiderabld time had 
elapsed. When it vas adopted in England, in the year 
1752, the error amounted to eleven days. This was 
remedied by calling the 2nd of September, 1752, 
the IStfa. 

The effect of thus pntting, aa it were, the eeaeons 
backward by eleven days, must at the time have been 
disagreeable. That our mode of reckoning time was 
made the same aa that of other nations was doubtless a 
convenience. But it might have been more comfortable 
to our climate, and the original notions of the festival of 
Easter, which rt^iulatea the other movable fasts and fes- 
tivals of the Church, if the error that had already accu- 
mulated from the Julian Calendar had remained, and 
the Qregorian correction against future error had been 
only adopted. 

The early climate of Italy might have principally 
indaced Pope Gregory to bring back Easter to the 
regulations of the equinox : and it may have been 
a powerful motive in Enssia for not adopting the 
Gregorian alteration in tbe style, that by retaining 
and suffering the errors of the Julian Calendar to 
accnmnlate further, the foet of Lent and festival of 
Easter will fall at times more convenient in respect 
to their seasons. 

The year 1800 having been by the Julian Calendar 
a leap year, and by the Gregorian a common year, 
the HuBsian date is now 12 days behind that of the 
other countries of Europe, 

306. The time of the festival of Easter depends on 
the first full moon on or alter the 21st of March, 
and therefore, strictly, reconrse should be hod to as- 
tronomical calculation to ascertain the time of Eust^^ 
for each year. But it is sufficient for this purpose 
to use the Metonic Cycle (Art. 130), the numbers of 
which are called Golden Numbers. 

Short rules and brief tables are giv^i in the Act 
of Parliament for changing the style, and are usually 
prefixed to the Book of Common Prayer, by which 

L;3.i:-:ij,XAK>^k 



240 Mkments of Antronomy. [chap. xvii. 

the times of Easter may be found for any number 
of years to eome. The computation so made muet 
sometimes differ from nbat a more exact calculation 
would give, and the time of Eaeter, if exactly com- 
puted, may vary considerably from the compat&tious 
founded on the Metonic Cycle. However, as the latter 
mode of calculation is prescribed by the Act of Parlia- 
ment (24 Gteo. II. c. 23), no inconvenience, from un- 
certainty as to the time in which the festiTal of Eaater 
is to be observed, can arise. 

By exact computation the Ist of April, 1798, ahonld 
have been Easter Sunday, whereas by the Calendar 
prescribed it was not celebrated till the Sunday after. 
Also the 29th March, 1818, should have been Easter 
Sunday, instead of the 22nd of March, as Ibund by the 
prescribed mode of calculation. 

The exact lengths of the three several kinds of years 
are as follows : — 

Sidereal year (being the time the sun takes to com- 
plete the Ecliptic andretomtothe same exact position 
among the fixed stars), 365'' 6'' 9=° 9-6*. 

Tropical or Solar year, aes* 5" 48".49'7'. 

Anomalistic year (being the interval between two 
successive arrivals of the earth at perihelion, which 
advanees 11"'8 each year among the &sed stare), SQS^ 
6" 13" 49-3'. 
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307, Is order to flad the mean density of the earth, 
and coneequently its masa, we must compare it, as 
to its attractive forco, with a masa of matter of known 
volume and density. This , haa been effected in dif- 
ferent ways, and they have produced results which 
do not much differ from each other. 

1°. The first method is that of Maekelync, who as- 
certained the amount which the attraction of the 
Scotch mountain called Schehallien caused the plumb- 
line to deviate from the vertical. Two stations, at 4000 
feet distance on the northern and southern sides of the 
mountain, were selected. Since the direction of gravity 
ia towards the centre of the earth, if the mountain. 
exercised no attraction on the plumb-line, the vertical 
lines at the two stations should make an angle with 
each other proportional to the distance between the 
places, or in this case 41". A plumb-line attached 
to a zenith sector was fixed at each station, and the 
distance firom the apparent zenith to a star was mea- 
Bored at both places when the star crossed the me- 
ridian. The difference of these zenith distances (or the 
angle between the plumb-lines) was found to be 53", 
or 12" more than it on^t to be; this could only 
be accounted for by the attraction of the mountain on 
the plumb-lines, the sum of which at the opposite sides 
must consequently be 12^. An exact survey had been 
made of the mountain, and ita attraction on the plumb- 
lines computed from its volame, supposing that its 
d^isity was the same as the mean density of the earth ; 
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when it appeared that erach a densitr would produce 
a coneBponding disturbance of the .plumb-lines of 21". 
Consequently the density of the mountain was less 
than the mean density of the earth, as 12 to 21. From 
examining the rocks of which the mountain conaiste, 
its mean density was found to be 2'8 times that of 
water. This would give a mean density of the earth 
equal to 4'9 that of water. From similar experiments 
made in 1855, at Arthur's Seat, Edinburgh, the mean 
density of the earth is found to be 5-32. 

2°. The second method of determining the mean den- 
eity of the earth is that which was first adopted by 
Cavendish, and afterwards by It«ich and Baity. Ca- 
vendish compared the attraction of the earth with"tJie 
attraction of two leaden balls of about twelve inches 
in diameter. Two small balls, each about two inches in 
diameter, were attached to the ends of a wooden rod, 
six feet long, which was suspended in a horizontal 
position by a very fine wire. When the whole apparatus 
was in a position of equilibrium, the large balls of lead 
were brought near the smaller balls on opposite aides of 
the horizontal rod, as applied to each, bo as to make the 
attraction (if any) of the lead on each ball to act in 
turning the rod m the same direction. A telescope was 
directed to it from a distance, and its motion mea- 
sured ; the position of the balls was then reversed, and 
an opposite effect produced. By a comparison of the 
efiect produced by the attraction of the leaden balls on 
the smaller balls, with the effect of the earth's attrac- 
tion as exercised upon one of the smaller balls, sus- 
pended as a pendulum, we are able to estimate the 
ratio of the masses of a lai^e ball of lead and of 
the earth, and, knowing their volumes, we can compare 
their densities ; the specidc gravity of lead is known, 
and hence by an average of results we obtain the mean 
density of the eturth to be 5J times that of water. 

Other esperimenta have been instituted to effect the 
same object. From a comparison of the vibrations of 
the same pendulum at the top and bottom of a mine 
1256 feet deep, the mean density of the earth is found 
"by Mr. Airy to be 6-56 tiiat of water. la this case it 
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must be remembered that tbe exterior spherical shell of 
the earth, 1236 feet thiok, exercises no attraotion oq 
the peadulum at the bottoia of the mine. 

By a comparieoa of the length of a seconds pen- 
dulum oa the summit of a mouatain, irith that at the 
sea level, it is found to be 4-84. Newton had esti- 
mated it in 1680 to be between 5 and 6. 

We may estimate the mean speciQc gravity of the 
earth to be 5-46, and tbe number of cubic miles in its 
volume to be 259,800,000,090 ; while the weight of a 
cabic foot of water is 354 lbs. 6 oz. ; hence the earth' s 
weight may be found in the ordinary manner. 

308. "We have now to show that the attractive force 
which pulls the moon towards the earth from the tangent 
to her orbit, ia exactly the same as that which makes a 
Btone to fall to the ground. By calculating from the ve- 
locity of the moon, and the radius of its orbit, we find the 
versed sine of the arc described in one second, or the de- 
flection from the tangent in consequence of the earth's 
attraction, to be 0-0536 of an inch. It is found that at 
the earth's equator, 3939 miles from the earth's centre, 
a stone falls 192^ inches in a second. Since the force of 
gravity is known to diminish in the inverse ratio of the 
squares of the distances from the centre, the same stone, 
if removed to the moon's distance, ought to fall 0'0537 
in a. second, as shown by the following proportion : — 
39-964' ; 1' : : 1927 : 0'053, The difference of these 
results is accounted for by the moon's action on the 
earth, and the sun's disturbing force on the moon. 

By a comparison of the deflections from the tangent. 
to the orbit, produced by the attractive force of the sua, 
on the earth, and on Jnpiter, the ratios are found to be 
: : 24-402 : 09019; but by the law of the inverse 
squares, they are found to be : : 24-402 : 0-9024 — so 
closely do they i^ree. By considerationa such as these 
the universatity of the law of gravitation is esteblished. 

309. The ratio of the mass of the sun (S) to that of 
the earth (E) may be found as follows : — 

In the case of the earth and moon we have seen that 

the earth's attraction deflects the moon from the tangent 

to her orbit 0'053& of an inch in a second; and we And 
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in a. similar way that tbe Bun defiecte the earth from 
the tangent 0-119 of an inch in a Beoond. These num- 
bers are in the proportion of 1 to 2'233. Ziet 8 be the 
mass of the sun, M of the moon, and E of the earth, D 

S E 
and d their distances, then fu - jT ' ' -^'^^^ - ^> ^^ 

S = E X ^ X 2-233. If we assume that D = 385<f 

(Art. 132), tlien S = E x 331030. K the larger dia- 
tance of the sun be taken, D = AWd neatly, and 8 - £ 
X 355000 nearly. 

Having got the mass of the eun we can get the ratio 
of the inaBs (M) of any planet, accompanied by a satellite 
(mass tn) to thesnn; for if Hand r be the distances of the 
planet from the son, and of the satellite from the planet, 

and T and T" their periodic times, ;»S = — =j — and /lUa 

- ■ , coDseqnently 8 : M : : ^^i =-!■ When planets 

are not accompanied by satellites we get their masses 
from thfcir mutual perturbations. 

Where thiS. method is applied to the case of the sun 

and earth, it gives | - ( j )' ( f.' )'■ "Where T and T 

denotes the length of a month and a year respeotiTely. 
For an approximate resuTt we may assume D => 385 4, 
atu T = 13 1" : substituting these numbers we get 
g_. 57,066.625 
E 169 

810. Themassoftbemoonis&undfromcoraparingthe 
actions of the sun and moon upon the waters of tbe earth, 
in producing the tides, or from the lunar nutation (Article 
90) which depends upon the moon's attraction alone, 
and consequently upon het mass. Having measured 
the amount of the effect, we can calculate the magnitude 
of the cause. Both methods agree in giving to the moon 
a mass of 7^ that of the Earth. The solar nutation is to 
the lunar nutation as2 : 5, which is just the proportdim 
to the solar tides to the lunar. 
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811. The following table gives themaBeea, densities, 
and specific gravities of the sun and the principal pla- 
nets. The maaseB have been calciilated by Leverrier: — 





M.^ 


Deneity, 


Sp»Or.v. 


Son 


8B4,B38 


0.2S 


1.37 


Mercury, 






0.1! 


2.0 [ 


10.97 








0.88 


0.97 


E.3a 


Earth, . 








1 




Mar^' . 






0.13 


0.72 


8.93 


JupHer, . 






3S8.03 


0.24 




SBlura, . 






101,06 


0.13 










H.29 


0.16 




Neptune, 






S4.GS 


0.27 


1.47 



3 1 2. The Tibes.— The daily ebb and flow of the tide?, 
and the changes which take place in the height of the 
waters of the sea during a lunar month, belong rather 
to the c]aBB of terrestrial than to that of celestial phenome- 
na. However, as they can be ehowa to be produced by 
the action of the sun and moon npon the earth and the 
waters which suironnd it, a sketch of the theory of 
the tides is not nnnatnrally expected in a treatise 
on astronomy. The full mathematical discussion of 
the theory of the tides is one of the most difficult 
questions of analysis, and it must be sought for in the 
works of Newton, Bemouilli, Laplace, or Airy. The scope 
and limits of the present work enable us merely to show, 
from elementary geometrical considerations, the manner 
in whioh the phenomena of the tides depend upon the 
attractions of the sun and moon. 

Let ns begin by considering the moon to be at rest, 
tnd the earth to have no rotation about its axis, and t« be 
covered by an oceaft of water of an uniform depth. 
Since the moon's attraction is exercised not only on the 
earth, hut on the waters which surround it, and which are 
free to move over its surface, and since the attraction 
is greater in proportion as the square of the distance 
of the point attracted &om the moon is diminished, the 
waters nearest to the moon will be more attracted thaa 
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the earth, and piled up in a heap nader the moon ; 
while the earth, being more attracted than the waters 
in the hemisphere away from the moon, will be drawn 
towards that body awav from these waters, and they 
will, with respect to the earth, form a heap on the 
other iide and away from the moon. The waters will 
in fact form a prolate spheroid, the greater aida of 
which will be directed towards the moon. In order to 




estimate the force which acts upon the waters, let 
M (fig. 45), be the moon, E the earth, P a particle of 
water. If the lino PM represent in quantity and di- 
rection the attraction of U upon P, and if X be taken 
on the line ME, so that MX : MP : : MP* : ME', SM 
will repreaent in quantity and direction the action of 
M upon E. Now let us reduce the earth to rest with 
respect to the moon, by applying to the earth, and 
to each particle of water on its surface, a force equal 
and opposite to XM, then the particle P will be acted 
upon by a force PM, and by another equal and parallel to 
1£X, the resultant of which will be PX ; it is clear then 
that for every particle of water in the hemisphere ACB, 
the action of the force of the moon upon the water will 
be towards some point in the line CM. If F be a par- 
ticle of water on the opposite hemisphere, and if MP' 
represent the moon's attraction upon it, and MX' be 
taken so that MX' : MF : : MP*" : ME', by a similar 
method of reasoning, it may be sffiiwu that the moon's 
disturbing action upon every particle of water in the 
hemisphere ABfi will be towards X' away from M. 
In order to estimate the magnitude of this disturbing 

force PX, which is to ^^rj : : PX : PM, and consequent- 
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the water Tertieally, and NX, ■which moTCB (he water 
horizontally towards 0. Let ME = a, MP = d, PEC = 
0, EP = K, then since EMT is always considerably less 
than 1", ME nearly = MT, and EPT nearly = PEC ; 
but by the proportion ulready given, we have MX = 

{a-d)(l + -+ -A-'S (u-rf),! since - nearly=l, being 

at its leaet |Jj U 3TP » 3R cob e. Again PN = EK" 
- EP = EX COS e _ EP = 3R COB" e - K, .-. the force 
PK = (SB COS 'tf -R), X —, = J R (1 + 3 COB 2 fl) -^, 
and NX = EX sin ^ = 3 R coa ain ff, .-. the force 
SX-|E 8m2^x^ 

The force PN vanisheB when cos '5 = J. or 6= 54° 
44' ; from A to that point it is negative and depresses 
the water, and thence to C poBilire and elevates it 

313. The action of the sun upon the water would pro- 
duce e. similar effect, though less in degree, since Newton 
has shown that the proportion of the moon's disturbing 
force to that of the san ia somewhat less than 2i : 1. 

If the earth did not revolve on its axis, and the snn 
and moon were stationary, and in the satne or in opposite 
parts of the ecliptic, the greater axes of the two ellipsoids 
formed by the sun and moon's attraction would coincide, 
and both would conspire to raise the water under (he 
moon; or the greater axis of the ellipsoid pointing to 
the moon would be the greatest possible. If the liaes 
drawn to the sun and moon from the earth were at 
right angles, the elevation arising from the moon's 
attraction would be counteracted in part by the depres- 
sion arising from the sun'a, tuid the axis of the com- 
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posite ellipsoid poindsg to Uie moon would ^tta be the 
least. 

814. This is called tbe equilibrium theory, and would 
give bigh wat«r always under tbe moon, and Bpring 
tides when the moon is in conjunction or opposition, ana 
neap tides when the moon is in qnadratures. But there 
are two sappoBitione involved in it which modify con- 
siderably the results, and which are different ftom the 
actual conditions of the qnestion. — 1st. The earth is not 
at rest, but is revolying round an axis oonying the water 
along with it in its diurnal motion. 2nd. The earth ia 
not uniformly covered with water, but there are oceans 
and seas of variable depth, and large intervening conti- 
nents which prevent the formation in full of this ellipsoid 
of water. The sun and moon also change their position 
in the heavens with respect to the earUi, and to each 
other, from day to day, so that there is never time for 
the spheroid to be actually formed. Conseqnently, this 
theory must be considered only approximate, and it can 
be shown that so far irom high water being nnder Qie 
moon, as the equilibrium theory would require, it is low 
water under the moon and high water at the points A 
and B, 90° distant on the earth's surface from the point C. 

315. ThefoUowingdemonstrationofthiBhasbeengivea 
by Mr. Abbott.* Let the moon be supposed to be fixed, and 
the earth to revolve in the direction of DACB, carrying 
the ocean along with it. The tangential force NX (done 
is to be considered, as the normal force PN goes to dimi- 
nish or increase gravity by a y&rj small amount. In the 
course of a lunar day every particle of the ocean is sub* 
jected to precisely the same forces acting in the same 
order of succession and for the same periods, being acce- 
lerated from A to C, then retarded from C to D, accele- 
rated from B to D, and retarded from D to A. 

This being so, it is obvious that the particlesof water 
will be moving faster which have been for a long time 
acted on by an accelerating force, and the velocity will 
be a maximnm when the aoceleratiDg force has acted 
during its full period — viz., through one quadrant. On 

• FhUiwophlwl BUgauiw, Jan. 1870, 7»b. 1871. 
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the other hand, those partielcB will be moving slower 
which have been longer acted upon by a retarding force, 
and the absolute velocity will be a minimum when the 
retardingforoehaaacted during its full period, or through 
one quadrant. The maximum velocity is therefore at 
D and C, the minimum at A and B, 

It is alao clear that the tide will he rising where eaoh 
portion of water is moving faster than that just in ad- 
vance of it, or, in other words, ia flowing in faster than 
it flows out. Where this is continued for the maximum 
time the tide is highest. On the other hand the tide 
will be falling where the water is moving slower than 
that in advance of it — i.e. is flowing ont faster than it 
flows in. Where this has continued for the mazimnm 
time the tide ia lowest. 

Now consider the point F in the quadrant AC. The 
water now passing P has been subject to an aiRelerating 
tangential force NX during the whole time since it baa 
passed A; longer, therefore, than any particles behind 
it between A and P. It is, therefore, moving faster, and 
as the water in the space bet wo en P and any point behind 
It is flowing out faster than it is flowing in, the tide ia 
falling. This is the case through the whole quadrant AC. 

At C the tangential force changes its direction and be- 
comes a retarding force; a particle at Q has been subject 
to this retarding force longer than one behind it between 
C and Q, and is therefore moving slower. Here, there- 
fore, water is flowing in faster than it flows out, and the 
tide is rising ; this holds through the quadrant CS. Simi- 
larly it may bo shown that the tide is falling all through 
BD and rising all through BA. Hence it is highest at 
A and B, lowest at C and B. It falls fastest when the 
difference between the velocity of P and that of a particle 
behind it is the greatest — that is, when the forceonPiaa 

SMxE, 
maKimum, or r— sm26is amax., orwhenP=45, 

since d does not change much; similarly it rises fastest 
at a point half way between C and B. 

On the whole, then, in an equatorial canal the water 
assumea the form of an ellipse, and as it ia the earth 
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which is rotating, this ellipee doea notcHange its abaolnte 
position, except with the moon's moQthlj motion. Eela— 
tively to the earth it is moriag westward at A aud B, 
eastward at Cand D. Takingfnction into acconnt, we can 
Bee that the effect of friction is to accelerate the timeof high 
and low water, for aa the water approaches C the tan- 
gential force dimioiehes gradually until it vanishes at C; 
therefore, at some point a little before C the tangential 
force must have been equal to the force offi-iction, and 
destroyed by it, after 'which friction acting from C to A is 
greater than the tangential force towards C; the effect of. 
friction then ii to produce low water a little before C in 
the direcdoT) of CA. Approaching £ the ocean is movinp 
slower than the earth ; therefore, here friction tends to. 
accelerate it, while the retarding force is decreasing ta 
zero, the l;wo forces then must be equal and opposite at a 
point new*B between B and C, after which die Telocity 
again increases. It is high water consequently at that point. 

Mr. Abbott shows, moreover, that there is a balance 
of la^ng, or in other words, a continuous current, 
relatively to the earth, westward; and tbatfclction being 
considered, the effect of this is to retard the earth's rota- 
tion, or to lengthen the day. 

316. M.Delaunayhadbeenledtotbisconduaion; and 
Mr. Airy, by exteiiding the mathematicaLapproxima- 
tions, has to a certain extent conlirmed it. The actnal 
retardation of the earth's diurnal motion cannot be de- 
duced from mathematical investigations, owing to the 
existence of great and irregularly- shaped continents on 
the earth's surface. All that can be done ia to aseertain. 
the moon's acceleration, aa determined by considering 
very ancient eclipses, and by comparing Uiem with the 
lunar tables calculated on the principles of gravitation 
alone, supposing the earth's ro^tion to be unchanged. 
This is ft problem for future aetronomers to investigate. 
In consequence of friction of the water against the bed 
of the sea, the narrowness of channels, and other local 
circumstances, the high water is retarded at each place 
by a certain time, constant for each port, which u called 
the EstabUshtaent of the Port, 
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CHAPTER XIX, 

THE HECERI DISCOYEEIES IB EEQAED TO THE PHTBICAL COF- 

BimmOH OF THE HEAYENLT BODIES SOIAB SFOTft— 

SFECTBUM ANALYSIS. 

317. The study of the physical properties of the 
hesTealy bodiea has latterly received a new impulse. The 
diatance of these bodies — even those which belong to our 
solar system — is bo immense that the most powerfol tele- 
scopes can show us but little on their surface. Even in 
the case of our nearest neighbour, the moon, the telescope 
admits only of a very summary survey, and though, it is 
true, her general topography in every part of the visible 
surface is better known to us than tiiat of many regions 
of the earth, yet all the minor details remain invisible, 
as no object can be distinguished whose diameter is much 
less than one mile. On the sun a line equal to 410 
miles appears to as as a mere point, the angle sahtended 
by it being one second. Thua, our inability to perceive 
anything, except the largest features, even through the 
most powerful telescopes, puts us to great disadvantage 
in the study of the physical nature of the heavenly 
bodies. Latterly, however, the application of the spec- 
troscope to this study has opened an entirely new field 
for investigation, allowing us a deeper insight into the 
very nature of even the remotest bodies. It is thus that 
the opinions which had hitherto been held in regard 
to these bodies have been greatly modified during the last 
few years. 

318. The sun, when viewed threngh a telescope, api* 
pears dotted with sroall light and dark points, and with 
ridges of different shades. The light points, or grannies, 
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wbieli aresomewhatof the shape of rice grains, are aboat 
1" long, rarely 2 or 3 seeonda. They are seen closely 
united in groups, and the greater or less degree of close- 
ness creates a difTerence in the brightness of Bdjoiuing 
areas which produces the coarse mottling of the sun's sur- 
faee ; and the effect of this is increased by the difference 
of hrightaesa of the material which fills the intervals of 
these groups. The contrast of the brightness of these 
granules and the surrounding matter is so great, that the 
granules really are the source of nearly the whole light 
which the sun emits. The extreme mobility of these 
granules has su^ested to all observers that they are of 
the nature of incandescent clouds floating in a gaseous 
and comparatiTely, uon-luminoua medium. The most- 
remarkable phenomena observed on the surface of the 
sun are, however, the solar spots. They are of various 
sizes, from very small spots to those whose diameter is 
ten timos the diameter of the earth. The smaller ones 
appear regular, round, andblack; but the larger ones are 
more complicated, being surrounded by a more or less 
concentric ring, called the penumbra, consisting of mat- 
ter brighter than the dark portion (nucleus), but consi- 
derably less luminous than the general surface of the 
sun. The dark nucleas, however, is in reality by no 
means non-luminous, as we easily perceive when at the 
time of a transit of Mercury or Tenus we are able to 
compare the nucleus with the really black disc of the 
planet Near the edges of spots the granules change 
their character and become enlarged. Their length ex- 
ceeds then 3 or 4 times their breadth, and they look 
very much like willow leaves placed round a hole, 
BO that all the larger axes are in the direction of tho 
radius of the umbra. In the penumbra of large spots 
there are usually also £ne brUliant stripes, which Mr. 
Dawes compared to blades of straw, the shaded appear- 
ance of the penumbra being produced by the intervals 
between these stripes, which are covered with a fine veil 
moderately luminous. There are, however, spots with- 
out such stripes, when tbepenumbraisformedmerelyby 
Buch a thin veiL Sometimes the willow leaves or the 
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etripes are changed into Bach veils, and tbe forms of the 
Bpota are often bo changeable that they alter their ap- 
pearance even daring the time of observation. It is as 
if portioaa of the luminous matter are continually break- 
ing away and driftiDg on to the nmbra where they seem 
to dissolve and disappear. They must thns eitiier be 
cooled and become more luminous, or they may become 
more heated and return to the gaseous state, just as 
clouds in our atmosphere are dissolved by an elevation 
of the temperature, and are changed into transparent 
rap ours. 

When the spots are near the centre of the disc, their 
borders differ little in brilliancy from the general sur- 
face. But when the spots are near the limb, their edges ^ 
appear surrounded by bright spots which are called 
faculffi. These remain visible up to the very time when 
the spots disappear, andseem to he upheavings of lumin- 
ous matter. They are always seen in close proximity to 
the spots, and generally precede their appearance. 

The spots are not seen all over the disc of the ran, 
but are confined to a zone of 35° on each side of the 
equator, though sometimes, but very rarely, one is seen 
beyond those limits. But they are never seen in the 
neighbourhood of the pole, and very rarely also in the 
immediate neighbourhood of the equator withinS degrees 
on either side. They haveagreattendencytowards being 
disposed in groups parallel to the sun's equator. The 
number of spots visible at different times varies very 
much, and their greater or less frequency follows a cer- 
tain law, so that the time of masimura and minimum of 
spots may be predicted with great accuracy. By the 
investigations of Mr. Schwabe and Professor WoIEF, of 
Zurich, it has been ascertained that this period is about 
11-2 years ; varying, however, sometimes several years, 
as if there existed minor periods, such as we find in the 
perturbations of the planets. This period, in its duration 
as well as in its different phases, seems to follow closely 
the period of the terrestrial magnetism. 

The motions which the spots show in the directioo 
from east to west have, since the time of their first dis- 
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Dovery, been used to ascertain the time of rotation of the 
Ban. Hodern investigations have revealed the fact that 
the spots near the equator move the faetest, and thatthe 
angular velocity decreases regularly with the latitude of 
the spot, the period of rotation of a spot on the equator 
beuig25''.2, whilethatofaBpot inlatitnde45''ia 21''-8. 
They muat thus have motions of their own, which, 
however, are not quite regular, tho above numbers giv- 
ing only the average velocity. The character of the 
various spota is very different. Sometimes they are seen 
only for a short time, while at other times we see them 
perform several entire revolutions, Mr. Schwabe having 
observed once a group of spots during eight such revolu- 
tions. Sometimes they axe veiy changeable, while at 
other times they are more constant, and smalt and regular 
spots usually preserve their outline for a long time. 
Bat the majority show a peculiar change according to 
their position on the sun's disc, which was first pointed 
out in 1773 by Professor Wilson, of Glasgow. When 3 
spot is carried by the rotation of the sun from the centre 
of the disc toward the limb, the umbra will always ap- 
pear to encroach upon that side of the penumbra which 
is nearest the centre of the disc. While the umbra and 
penumbra of a regular spot, when near the centre, appear 
as two concentric circles, they will be converted into 
ellipses when the spot is near the limb, but the ellipses 
■will not be concentric, the centre of the umbra being 
nearer the centre of the disc. By degrees the umbra 
beeomes partially hidden by the penumbra and disap- 
pears altogether in the neighbourhood of the limb, the 
penumbra alone remaining visible. This change of form 
IB always observed in the case of a regular round spot, 
but whenever aspotundei^es considerable real changes 
while approaching the limb, these may compensate the 
other ; but among a large number of spots we always 
find a majority in favour of this law of Wilson. Devia- 
tions Irom this rule are moat frequently to be attributed 
to the disturbing effect of neighbouring spots, as they 
occur moatly in groups of spots, while the regular and 



L;3.i:-:ij,XAK>t;k 



CHAT, XIX.] -Spectroscope. 255 

inanlated epots behave pretty generally in accordance to 
the rule. 

319. Thia change of the appearance of solar q)ote de- 
pending upon their position on the limb is evidently due to 
perspective, showing that the umbra muat be nearer the 
centre of the sun than the penumbra, Wilson, therefore, 
immediately after thia discovery, proposed the theory that 
the aun conaists of a non-luminous dark body, covered 
with a light stratum of an incandescent nature, which ia 
the source of all light and heat. The spots are thus 
openings in this luminous stratum, made by an elastio 
fluid, generated in the dark body of the sun. Sir W. 
Herachel adopted the same hypothesis, only with this 
jnodification, that he interposed immediately below the 
luminous stratum a non-luminous atmosphere, which re- 
flected nearly all the light received from above, and at 
the same time served to explain the penumbra. Thia 
hypothesis had been until lately genertdly adopted, as it 
explained the principal features of the solar spots, and 
had the additional charm of rendering the body of the 
Hun inhabitable, and perhaps by beings not differ- 
ing much from ourselves It was, however, lately over- 
thrown by the brilliant discoveries of KinihofF. 

320. About the year 1615 the celebrated German op- 
tician Fraunhofer discovered that the spectrum of the 
sun, produced by refraction of its light through a prism, 
id interspersed with black lines which always retain the 
same invariable position with respect to each other. In 
order to observe them, we let the light of the sun fall 
through a very narrow slit with parallel edges upon a 
prism, and observe the spectrum through a Little tele- 
scope. Such an apparatus is called a Spectroscope. It 
is a little modified by the addition of a coUimating lens 
between the alit and the prism, and whose fooue coin- 
cides with the slit, so that the rays leave this lens parallel 
as if ooming from an Infinite distance, and instead of 
one prism several may be used in order to increase the 
dispersion. Aa the white light is decompoaed by the 
prism on account of the difference of refraction with 
-which light of different colours is endowed, this dis- 
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coTery showed that raya of a certain refirangibility are 
deficient in the eolar light. The cause of this re- 
mained, however, unknown, only Sir David Brewster 

showed that the light loees eome of its rays by the ab- 
sorption of the atmosphere of the earth, as he found that 
new black lines appear in the solar spectrum when the 
sun approaches the horizon, and be suggested, therefore, 
that the invariable lines which show themselves in th© 
eolar spectrum may be owing to an absorption which, 
takes place in the atmosphere of the sun. The mystery 
was at last explained by the study of artificial flames. 
The spectra of simple incandescent bodies, like that of a 
piece of chalk made incandescent by the flames of oxy- 
hydrogen gas, or that of the incandescent pieces of car- 
bon in a common fiame, are continuous, and show no dark 
lines. The spectra of incandescent gases, for instance 
those arising from the combustion of raetals, are discon- 
tinuous, and oonsist of bright lines of special colours. 
This discovery contained the germ of a new method of 
chemical analysis. It was found that the spectrum of 
each metal has bright lines of special colours which re- 
tain an invariable position, and may be seen in the spec- 
trum of an electric spatk whose electrodes consist of that 
metal, or are covered with a solution of any of the salts, 
as well as when such salts are mixed with a flame. 
Thus any flame containing sodium furnishes a spectrum 
in which a yellow line of extraordinary brightneea is 
depicted on the general ground of the usual colours. It 
had been remarked that this sodium line corresponds to 
the black line in the yellow part of the solar spectrum, 
which had been named D by Praunhofer, who denomi- 
nated all the principal lines by letters of the alphabet. 
In order to prove this thoroughly, Kirchhoff produced 
a faint solar spectrum, and then placed a sodium flame 
before the apparatus. Immediately the black line D was 
changed into a bright line, and he showed that this line 
is only the bright line of sodium extinguished or re- 
versed. "Whenl^elightofan incandescent piece of chalk, 
which has no dark lines, was made to pass through the 
speotnua of the sodium flame, the bright line was con- 
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verted iato a dark one. It was thus shown that the so- 
dium flame absorba the rays of the same refrangibility as 
those which It emits, and is transparent for all other rays. 
The spectrum of any incandescent gas must thus be re- 
versed — that is, the bright lines must be convertfid into 
dark ones, if rays of another source of light, ivhicb is suffi- 
ciently bright, pass through it. Kirchhoff then showed 
that there were lines intha spectrum of the sun which ex- 
actly correspond to the iron lines and those of other 
metals, and it ia therefore necessary that the rays which 
form the solar spectrum have passed through vapours of 
iron and those other metals which reversed those certain 
rays; and aa this absorption cannot take place in the at- 
mosphere of the earth, as iu that case the lines would 
change with the altitude of the sun, these vapours must 
be present in the atmosphere of the sun. "We must as- 
sume, then, that there is aluminous stratum, the photo- 
sphere, which emits light of every refrangibility, and 
which alone would give a continuous spectrum, and that 
this is surrounded by an atmosphere ofalower tempera- 
ture, but still high euough to sustain all the various 
metals, as iron, sodium, &o., as vapours. 

321. At the time of a total eclipse of the aun verj' 
strange phenomena are seen, to which the attention of 
astronomers was first called at the eclipse in 1842. When 
the last ray of the sun disappears the moon appeara sur- 
rounded by a ring of silvery white light, about equal in 
breadth to its diameter, which is called the 'corona. There 
ia always a zoue of very vivid brightness, 3 to 4 minutes 
wide, round which there is another zone whose light 
very rapidly diminishes with the distance from the 
centre. From the first zone usually start a number of 
bright rays, whose length varies, and attains sometimes 
double the diameter of the moon. The corona ia always 
concentric to the sun, as it is brightest in that part where 
the moon ia nearest to the limb of the sun, and it has 
been established that at least the portion nearest the 
Bun belonga to the aun. But the moat remarkable phe- 
nomena of an eclipse are the protuberances. At the be- 
ginning of the eclipee, we see on that side of the moon 
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'where the last ray of light has disappeared, luminous 
promiEenees, usually of alight rose colour, and of various 
forma ; BOTnetinuss they are conical, mountain like, or 
cuEved like horns, and Bometimes they are even entirely 
detached from the body of the eun. like clouds. Aa the 
eclipse advances they grow smaller, as if being covered 
by the moon; while on the opposite side similar promi- 
nences make their appearance, which gradualty increase 
in size till the endof the total eclipse, when they rapidly 
yanish after the first ray of sunlight reappearB, The 
observations of the eclipse of 1851, and especially those 
of the eclipse of 1860, which was observed in Spain, had 
established beyond doubt that these prominencca are real 
phenomena belonging to the sun, and therefore, when 
Kirchhoff had made his brilliant discoveries, the next 
total eclipae, which happened in 1868, was expected 
with great anxiety, in order to examine those promi- 
nences with the spectroscope, and thus to discover their 
nature. It was then found that the spectrum of those 
protuberances is discontinuous, and consists of a small 
number of bright lines, all of which, with the exception 
of a yellow line close to the sodium line, are the hydro- 
gen lines ; thus showing that these protuberances are 
chiefly composed of upheavinga of incandescent hydro- 
gen gas, a stratum of which surrounds the whole sun. 
Mr, Janssen, who observed the eclipse at Guntour, w^ 
Bo struck with the brilliancy of their rays that he imme- 
diately conceived the idea of observing them even in the 
full light of the sun ; for the spectroscope disperses 
and enfeeblea the light of the sun, while the bright raja 
retain their brigbtneaa. On the day following the 
eclipse, he thua succeeded in seeing the bright hues of a 
protuberance , and on the day when the news of this dis- 
covery reached Europe, Mr. Lockyer had independently 
discovered these lines in full daylight. Indeed, he had 
foreseen the probability of this, in case the spectrum 
should consist of bright lines, and had a powerful spec- 
troscope constructed for examining the borders of the 
sun for that purpose, and had the pleasure of seeing the 
bright lines on the first day he was able to uBO the 
instrument. 

,Cnoyk 
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The Bpectrum of the corona has not yet been Batis&ic- 
torily settled, and the eclipse of December, 1 87 1, is looked 
for with great anxiety, and great preparations are being 
made for it, to settle this question, and to investigate 
more fully the nature of the corona. 

322. The dark lines in tlie spectrum, of the sun are 
not the same all over the disc. Some fine lines, which 
are barely visible near the centre, become very plain 
near the limb. In the neighbourhood of spots, and es- 
pecially of fteulse, the hydrogen rays become more 
feeble and sometimes disappear 4iltogether, and become 
even reversed, owing to protuberances which, as we 
have seen, consist especially of hydrogen gas. In the 
interior of spots the Bpectrum is greatly modified. Some 
lines become extremely black and large ; others become 
indistinct; while many undergo no change at all. This 
must be owing to a special absorption produced by some 
substances in the interior of the spots. They are, there- 
fore, regions where the abaorptJon is stronger, especially 
that of some metallic vapours, which, owing to their 
density, occupy the lowest parts of the irregularities 
existing in the photosphere. They may be cavities 
produced by eruptions of gas from the interior, espe- 
cially as the protuberances, and probably the facnlee, 
muot own their existence to such eruptions. 

323. The discoveries made by the spectroscope, in 
regard to the constitution of the sun, agree very well 
with a hypothesis proposed by Kant, and adopted by 
Laplace, which is known as the nebular theory. 

On account of certain properties common to all mem- 
bers of the solar system, such as their common motion 
from west to east, their rotation in the same direction, 
as well as the small inclination of their orbits with re- 
spect to the sun's equator, he was led to attribute the 
formation of our plwietary system to the gradual con- 
densation and breaking up of a single nebula, in which 
the cosmieal matter at present condensed in the sun, 
the planets, and the sateDites, was primitively diffused 
through the entire space which this system occupies. 
If we assume those masses spread only as far as the 
s2 
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orbit of Neptune, it would be aa rsrified as tbe air under 
our best air pompa. "Saw, if such a mass condenseB, 
precipitating itself to a central point, aii immense 
amount of heat must be developed, which in the case 
of the sun hasbeeu calculated to he millions of degrees. 
All the bodies of the solar system have been thus ori- 
ginally in the same state of high temperature, and differ, 
in their present state, in consequence of their different 
masses Imving reached different stages in the process of 
cooling, to which they aire subjected by the continual 
radiation of heat into the surrounding space. We know 
that the earth was once of a high temperature and that 
the interior is still so, the surface alone having cooled 

But the sun is still in a state of incandescence, so 
that his atmosphere contains stiU those substances, as 
gases, which on the earth have long since been con- 
densed and fised as solid rocks. Even the interior of 
the sun may stilt be in a gaseous state, which, however, 
on account of the enormous pressure, must be very dif- 
ferent from any such state which we obserre on the 
earth. Owing to the high temperature iha different 
substances must be in a state of entire dissociation — 
that is, are in presence of each other, without being 
able to combine. This combination can only go on 
on the surface, when the radiation has lowered the 
t«mperature. Precipitations will be formed and clouds 
of incandescent fluid or solid particles, whose radiation 
of light will be much greater than that of the mass of 
the interior, and, tha'efore, willform a real photosphere. 
These particles sink again, on account of their gravity, 
into the lower strata until they meet a temperature by 
which they are converted to their primitive stat«, 
while other masses of gas come to the surface and go 
through the same process. The phenomenon which we 
observe on the surface of the sun would thus be owing 
to the process of cooling, which, in the course of ages, 
would at last produce a st«te in which the sun would 
cease to have the power of supporting life on tha sur- 
face of the planets. 
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324. The Bpectra of the moon and of the planets 
would be of the same nature with, and ehow theeame lines 
as the solar spectrum, since tbese bodies shine merelj' by 
reflected solar light Only, as this reflected light must 
passtwicethroughtheheightofthe planetary atmosphere 
before it reaches our eye, the spectra may show some new 
lines owing to absorption in these atmospheres, and thus 
give us an insight into their nature. Now, the moon 
shows DO other lines than those visible in the solar 
epeetrum, where the sun has a considerable altitude. In 
regard to it, therefore, the result is wholly negative 
as to the existence of an atmosphere, and thus the 
spectroscope conflrms the opinion which aatronomers 
had derived from other facts. Hr. Huggins came to 
the same negative result in observing the occultation of 
a Btarwithaspectroscope. Watching the spectrum of the 
star while the dark limb of the moon was closely ap- 
proaching it, and juat before it waa disappearing, he did 
not perceive any alteration of the spectrum which might 
be attributed to a lunar atmosphere. 

The spectrum of Venus shows that the atmoaphsre of 
this planet is somewhat similar to that of the earth. 
The spectrum of Mars shows a few strong lines in the 
red, and near the line F there isa series of strong bands 
which continue towards the more refrangible end of 
the spectrum. In the spectrum of Jupiter a very strong 
line is seen, besides some othera which are owing to his 
atmosphere. It is, however, coincident with a faint 
band in the sky spectrum, and shows the presence of 
similar vapours, probably aqueous vapours, in our own 
atmosphere; but aa another line does not correspond to 
any of the air lines, his atmosphere must contain also 
some other gas which is not a constituent part of our 
atmosphere. The small density of this planet makes it 
probable that it is not yet in a solid state; the spots and 
bands seen on its surface are always very variable, and 
its atmosphere seems still to be in a Btat« of revolutions 
analogous to those through which the earth passed at past 
geological epochs. The same is the case with Saturn, 
whose spectrum is alao similar t^ that of Jupiter. The 
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spectrum of TTranuB shows six strougbanda, owing to the 
absorption of ite atmosphere, one of which seems to 
coincide with the line F in the solar spectrum, one of 
the hydrogen lines. 

The spectra of the few comets which have so far 
been exsmined are discontinuous, and consist usually of 
some green, yellow, and red bands. According to some 
observations, the spectrum of the coma is continuous, 
probably produced by reflected sunlight, while that of 
the nucleus shows sereral brilliant rays, emanating from 
u gas in a state of incandescence. 

325. The spectra of the fixed stars may be divided 
into different classes, Piist, we have the stars which 
are generally called white, like Sirius, Wega, whicli 
show a continuous spectrum, interrupted by four black 
lines which correspond to the four bright lines of hydro- 
gen when at a high temperature. The brightest stars 
of this class show, besides, a line in the yeUow which 
Et^ems to coincide with that of sodium, and some lines in 
the green. The second class are the yellow stars, like 
Arcturus, Aldebaran, whose spectra very much re- 
semble that of the sun, being intersected by fire lines 
which coincide, more or less, with those in the solar 
spectrum. These stars miist therefore be, in a physical' 
state, very similar to that of our sun. The third class, 
which is not very numerous, contains stars whose spectra 
are interrupted by broad dark bands. These stM's are 
rod or orange -coloured, and are mostly ail variable, and 
the bands are also variable, according to the brightness 
of the stars. The spectrum of the nucleus of solar spots 
shows, as we have seen, stronger lines of absorp- 
tion, and if, therefore, our sun was deprived of its bril- 
liant photosphere, it would present a spectrum very 
similar to these stars. Besides these cksses of stars 
there are a few which contain the bright lines F and C 
of hydrogen, and besides a brilliant ray in the yellow, 
which seems to coincide with a similar ray in the spec- 
trum of the protuberances of the sun. 

326. The spectrum of some of the variable stars 
changes, as we have seen, with the brightness of the stars, 
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OTTingto greater or lesser absorptions, TtuB, as the varia- 
ble star in Ctitus grows brighter, the dark bands in yellow 
and green seem to become less distinct and less black. We 
Bee thus that the variability of these stars maybe causedby 
phenomena in connexion with the cooling process which 
they undergo, and of which wespoke befure in reference 
to the sun. The play of forces between the cooling 
surface and the interior will be the more cfQcient, the 
more free is the communication between the interior 
mass and the surface — that is, as long as the primitive 
gaseous state is not entirely changed, there will be a thin 
stratum of a photosphere, when the chemical processes 
are going on with great regularity. But a time will 
come, when the free interchange bet ween the in t^^ior and 
the surface will be disturbed, and the upward currents 
willmeetwith greater obstacles; there can then be abnor- 
mal distributions of density and temperature, and a state 
of unstable equilibrium will exist, which wil! be changed 
suddenly to reproduce the primitive state. It is natural 
that the same phenomenon will return after certain in- 
tervalii. At first, the periods will be quite regular and 
little perceptible, but by degrees they will become more 
distinct, in proportion as the photosphere increases in 
density, and the descending currents go to greater 
depth. The changes will grow very irregular, until 
finally they become only exceptional and spasmodic. 
Then suddenly a largo mossof high temperature will he 
tlirown up to the surface, and thus a sudden increase of 
the brilliancy of the star will be produced which will 
gradually diminish. These phenomena are the precur- 
sors of tinal extinction, and are observed only in faint 
stars, which suddenly, and only for a short time, increase 
to a grc»t brightness, and are then mistaken for new 
stars. The sun at present is in that state when the 
changes are only slight and tolerably regular. !Bat 
among the stars we find all the different stages repre- 
sented at the present time from such stars, where the 
formation of a photosphere has advanced only so far that 
we see either no change, or only alight and periodical 
changes, to such, where they are sudden and spasmodic. 
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Such are tlie temporary stars like llie one which aud- 
denly appeared in 1866 in Corona. While this star 
was in the state of greatest brilliancy it consisted of two 
different spectra superposed one upon the other. The main 
Bpectrum was like that of the snn, formed by light 
corning from an incandescent photosphere, and having 
undergone absorption by surrounding gaseous matter. 
But above this was another, consisting of a small uum~ 
ber of bright lines such as are produced by incandescent 
gases. Two of the bright lines coincided very nearly 
with the hydrogen lines C and F, and were produced 
perhaps by this gas. In twelve ditrs the star decreased 
again to the eighth magnitude. This shows that the 
sudden increase of brightness must have been owing to 
an eruption of a highly lieated gas from the interior 
through the photosphere, which before this had nearly 
oeased to bo luminous. 

There are, however, rariable stars, where the spectro- 
scope shows no change iu the spectrum during ttie in- 
crease and decrease of the light. Such is, for instance, 
the star Algol. The variations in the light of such 
stars cannot, therefore, be attributed to a more or lesa 
strong absorption, or to more or less developed spots, 
but must probably be explained by the periodical iater- 
position of opaque bodies moving about them. 

327. While the spectra of all stars show absorptioii 
lines, the nebulffl have either a continuous spectrum, or 
one consisting of a few bright lines. Of the first class 
of nebulce which show a continuous spectrum, a large 
proportion is resolvable into stars — and it is very proba- 
ble that they all are clusters of stars — which appear only 
as nebulte on account of their great distance, or on account 
of the intrinsic faintness of the stars, which does not 
allow us to see them separate, with our present means of 
observation. These spectra maynotbe without absorption 
lines, but they may be only very difficult to be seefi, and 
the fact that some of the spectra appear irregularly bright 
in some points speaks in favour of their existence. 

As to the other class of nebulre which show spectra 
of bright lines, we must infer that they consist of maesea 
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of incandescent gB£es, a fact which explains the feeble 
light which these bodies emit. They wtre foiinerly 
believed to be at much greater distances from us than 
the fixed stars, on aocouat of their fuintnesH. But 
this is no reason at all, if we consider the immense diffe- 
rence in the radiating power of incandeecent gases and 
solid bodies, or gases in which such incandescent solid 
or fluid partideB are floating. In arguing to their dis- 
tance from their light, we should thus commit a stiJl 
greater fallacy than if we should assume the distances 
of the fixed stars to be in the inverse I'atio of their 
brightness. 

The bright lines which these nebula show — for in- 
stance, the celel>rated one in Orion — are usually three 
in number. One of these coincides with the hydrogen 
line F, the brightest one eoiccidos with the brightest of 
the nitrogen tinea, while the third corresponda to no lice 
of the known elements. These nebulte may still be in 
a state of dissociation, tlie high temperature preventing 
as yet any chemical action which would produce the 
various elements from this primitive matter. But if 
there is a gradual development of nebulous matter, it is 
surprising that we do not see some of these nebulte in a 
more, others in a less advanced state ; showing, by the 
greater or lesser number of lines, the presence of a 
greater or leaser number of substances. It is true that 
the well-known ring nebula in Lyra and the Dumb 
Bell nebula show a spectrum with only one bright line, 
wliile a nebula in Aquarius shows four; but it would 
seem as if such cases ought to appear in greater number 
and greater variety, such as we see in their forma and 
structure. It may be, therefore, that these gaseous ne- 
bulee are of a different order of coamical bodies, distinct 
from that of the sun and the fixed stars. 



C3.l:-:ij,CiOOtjlc 



Elements of Astronomy. [chap. xx. 



CHAPTEB XS. 

PBOPEB KOTIOIfS 0? THE BTABS — UOTIO!! OF TH£ SOLAS 

SY8TB1I BiaiANCBS OP THE STAAS iKNTTAL PAEAUAX 

BIKiLEr STAE3 — DlStBIEOlIOlf OF BTABfl. 

328. The places of tho fixed etars are given in cata- 
logues according to their right ascensions and declina' 
tiona. Now those change, as we have eeen, owing to 
the precession of the equinoxes and nutation. These 
changes do not, however, affect the relative positione 
of the stars, but merely the fundamental plane to which 
wo refer their places m the heavens. The plane of tho 
earth's equator, in fact, slowly changes its position in 
respect to an absolutely fixed plane, and so the co-ordi- 
nates of the star are ch^iged as the axes of reference 
are altered. But if we compare very distant observa- 
tions of the fixed stars we find that the changes ia. their 
right flHccasions and declinations are not entirely ex- 
plained, even allowing for errors of observation, by this 
change of the equator. In fact, if we proceed to deter- 
mine the amount of the precession of the equinoxes 
from different stars, we find considerably diSereat 
values, which showsthat besides this apparent change in 
the positions of the stars, owing to the displacement of 
the fundamental plane to which they are referred, they 
have real motions of their oivn, in consequence of which 
they change their places relative to each other. In 
fb,ct the amount of precession can be ascertained only 
from the mean given by a large number of stars on tho 
supposition that in this mean the real motions of the 
stars, as they proceed in different direotions, will destroy 
eachother. Thus the value of tho jireceeaion generally 
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adopted T7aa deduced by Beesel from more than 2000 
stars whose places, determined by Bradley in the middle 
of the last century, he compared with his own obserra- 
tioDamade at Kcenigsberg. The difference of the change 
of the right ascension and declination of a star from 
that which it ought to show according to this value of 
the precession is taken as the real proper motion of the 
star in space as projected upon the celestial sphere. For 
some stars this motion is very considerable, but it bears 
no relation whatsoever to the brightness of the star ; 
some of the smaller stars showing the largest proper 
motions, as, for instance, a small star of the tenth 
magnitude between the Great Bear and Canes Venatici 
(No. 1830 of Mr. Groorabriilgo's Catalogue). This star 
has a proper motion of 7" of arc annually. The double 
star, 61 Cygni, moves 5" annually, the two stars com- 
posing it being carried along in parallel lines with 
a common velocity. The bright star Aicturus has an 
annual progressive motion of 2". Although theso 
motions are at first sight very irregular, Sir W. Her- 
Bchel, in 1783, led by a consideration of those which 
had been at that time discovered, came to the con- 
clusion that, on the whole, the stars seemed to move 
in the direction from a point near the star X Hercules, 
and he concluded that these motions are, partly at 
least, merely apparent, and owing to a proper motion 
of the sun carrying with it the entiro planetary system, 
and moving in the direction of that point. For if the 
sun had such a motion, every star must seem to move 
away from such a point in the great circle passing 
through the star and the point to which the sun is 
moving. Since that time the proper motions of the 
stars have been more extensively and accurately ob- 
served,- especially by Argelander, and calculations of 
the motions of the sun which they indicate have been 
made by this astronomer and others ; and the mean of 
all these estimates gives a point which docs not differ 
much from that originally assigned by Sir W. Herschel, 
The proper motions of the stars in the southern hemi- 
sphere have likewise been subjected to similar calcula- 
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tiona, and have led to a very similar result as to tte 
direction of the solar motion. There can then be little 
douM that the snn is really movinf; in. space towards a 
point whose right ascension and declination are 260° 
and + 30*. 

The proper motions of the stars are thus partly due 
to this cause, but, beaidea this, they may have, lite 
the sun, motions of their own, and the proper mo- 
tions actually observed are the resultants of these two 
motions. 

Although we can tell exactly in what direction a 
star must seem to move, owing to the motion of the 
sun, yet even though we should know the amount of 
this motion, we would not be able to calculate the 
amount of that of the star, unless we knew its dis- 
tance from, the sun. This being unknown we are un- 
able to calculate the amount of the sun's motion in 
space from the proper motion of the stars. 

Mr. 0. Struve, by assuming hj^othetical values of 
the relative distances of the stars of different magni- 
tudes which had been deduced from the number trf 
etars in the different classes, found that the average 
displaocment of the stars requires that the motion of 
the sun should be such that if its direction were at 
right angles to a visual ray, drawn from a star of the 
first magnitude at average distance, its apparent an- 
nual motion would be 0"34, a result which must, 
however, be considered only an approximation. 

329. DisTAKCES OF THE SiAES. — Aboutthc distance of 
the stars little ia known at present, beyond the fact that 
they are 60 great that the diameter of the earth's orbit is a 
mere point compared to it. If we imagine a line passing 
through a star to move along the circumference of the 
earth's orbit, it will represent in succession the different 
directions in which the star is seen in the course of the 
year from different positions of the earth. This line de- 
scribes the surface of a cone, and when produced beyond 
the star, will intersect the celestial sphere in a curve in 
which tite star in the course of a year would appear to 
move. If the star ia at the pole of the ecliptic, the axis 
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of the eone would be perpendicular to the orbit of the 
earth ;-ita intersectiou with the celestial sphere, or rather 
with a tangent plaae at the pole of the ecliptic, would be a 
circle. When the star is in the plane of the eclip- 
tic, the cone would be changed into a triangle, and 
the star would move in the course of a year along a 
straight line. In general, however, the cone would be 
oblique to the plane of the ecliptic, and would intersect 
the celestial sphere in an ellipse, whose major axis 
would he equal to the angle which the diameter of the 
earth's orbit subtends at the star, while the minor axis 
would be shortened in the ratio of the sine of the incli- 
nation of the visual line of the star to the plane of the 
ecliptic or the sine of its latitude. Half the major axis 
of this ellipse expressed aa an arc of a great circle — that 
is, the angle which the semidiameter of the earth's orbit 
subtends at that star — is called the annual parallax of 
the star. If tliis should be known, it gives immediately 
the distance of the star expressed in semidiameters of 
the earth's orbit (Art 88). Now, this distance for the 
majority of stars is so great that this angle is no per- 
ceptible quantity, and the cone of the visual rays 
is virtually a cylinder, and the star at an infinite dis- 
ttfnee. So far only in the case of a few stars a parallactic 
change has been discovered with any certainty. We 
have seen (Art. 89), that for one star (o Oentauri in 
the southern hemisphere) the parallax has been found 
to amount to nearly one second, all the others showing 
only a parallax of leas than half a second. Now, a pa- 
rallax of 1" corresponds to a distance of 206,265 times 
the distance of the sun from the earth, and this we must 
therefore suppose to be the minor limit of the distance 
of the stars, a limit which is nearly twenty billions of 
miles. Light which moves, aa we have seen, at the rate 
of 192,000 miles per second, would take 3,235 years, 
or three years and eighty -five days to move from such a 
star to the earth, and in general, if n- be the parallax ex- 
pressed in seconds or decimals of a second, the time in 

which light moves from the star to the earth is . 
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830. Mode of DETERMiKDia ksrsvjj. Pasallax. — We 
will saynowa few words in regard to the determination of 
this parallax. It is easily seen, that when the longitude 
of the sun is the Hame as that of the star, the 9tar,whenia 
the nortliern hemisphere, will in its apparent ellipse be 
at the southern extremity of the minor axis, and when 
the longitude of the sun exceeds that of the star by 
180°, at the northern extremity of the minor axis; 
again, when the longitude of the sun exceeds that of the 
star by 90°, the apparent place of the star will be at the 
eastern extremity of the major axis of the ellipse, and 
at the western extremity, when it exceeds that of the 
star by 270°. The apparent longitude and latitnde have 
thus a maximum and minimum, both being separated by 
half a year; and those of the longitude oeourrinjj; when 
the latitude has its mean value, and vice ver»a. At any 
other time the longitude and latitude eorreepond always 
to the projection of the point occupied by the star in its 
apparent ellipse upon the ecliptic and the eirdo of lati- 
tude.* Thus assuming the parallax of a starto be v, we 
ean easily compute the efiect of such a parallax upon the 
position of a star for any giTen day, or for any longitude 
of the sun ; that is, we can compute co-efScients a and h, 
BO that flx and hir would be the effect of the parallax 
upon the longitude and latitude.; or that, if L and B are 
the mean longii.nde and latitude of the star, L + ax and 
£ 4- £)r would be the apparent longitudes and latitudes 
which the star would have, if its parallax was equal to 
ST. Likewise also, as we know the angle between the 
circle of latitude and the circle of declination, we can 
compute similar co-efficients a' and }/, bo that if A and D 
are the mean right ascension and declination, A -I- a' tt 
acdDfJ'T would give the apparent right ascension and 

" It may be well to observe liere that, as -wo have »een before, the 
rtars describe, on aecoum of aberratlnn, siniiUr ellipees «ho» ni»jor 
aies ate 40", but lb* plaeei which ifas bIbts occupy in these e11)p«e« 
ara different from those which Ihey would n.-cii^iy if tbty bad a par- 
allsxofaO". The maaimaand minima a! aterration tat any co- 
ordinata occur just wlicie on account o( paraliax the star would Im is 
Us in«>n pod^on 
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declioation vhich the star wonld have if its parallax 
was «■. Sow, if we should observe the right aBoensioit 
or the declination of a star duriog ayear, and we should 
notice a periodical change in these, we can try whether 
they can all he represented within the limits of the 
errors of observation, by substituting in the formula 
A + a'>rintheoaaeofaright ascension, or D+ S'n-inthe 
rase of a declination, a certain numerical value for v. 
This operation requires the application of the Calculus 
of Probability, which at the same time supplies the most 
plausible value of w which that series of observations 
leads to. If there exists for x a positive value satisfy- 
ing the observations within the limits of those errors to 
which they may be supposed to be subject, we take 
this as the value of the parallax. If right ascension, as 
well as declination, should give values in harmony with 
each other, this would be still more iu favour of the reality 
of a parallnx, as these observations are independent of 
each other, and the maximum and minimum fall in 
different parts of the year. For it is not impossible — in 
fact, it has actually happened — that in a single series and 
even in all the scries of observations of the same co-or- 
dinate, made with the same instrument, by the same ob- 
server, the errors of observations from some cause or the 
other followed more or leps a law similar to parallax, and 
led thus to an entirely illusory value of it. AH astrono- 
mical instruments are exposed to changes of temperature 
by which their various parts undergo variable and 
uncertain e:Epansions and contractions, and not only 
the instruments themselves, but also the piers on which 
they are mounted — even the very foundations of these 
piers are liable to these changes, and as their effecta 
have also, more or less, the period of a year, they can 
often produce very similar effects to parallax, and may 
be mistaken for them. Eefraotion itself is subject to 
mean periodical variations which are more or less de- 
pendent on the seasons, and are likewise liable to be 
confounded with the effect of parallax. 

It is therefore highly desirable to use a method for the 
■letermination of parallax which should be mdependent 
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of auch BonrceB of error. Such ie the method of differential 
observations, by which not the right aseenaion and de- 
clination of a star ia determined, but merely the differ- 
ence of ita right ascension or declination from that of one 
of several small etara in its neighbourhood, which are 
supposed to have no parallax. This method gives really- 
only the difference of the parallax of the two stars ob- 
served, hut as that of every faiat star ia undoubtedly 
exceedingly small, if not altogether imperceptible, this 
is no practical difficulty. On the other hand, the errors 
arising from such causes as mentioned before affect the 
two stars equally, and are therefore entirely eliminated 
in the result for the relative place. Such observationa 
ai'e made by the most powerful telescopes, with the aid 
of micrometers ; the precision of the observations made 
with these rendering this method susceptible of extra- 
ordinary exactness. When the two stars are simul- 
taoeoualy present in the field of view of the telescope, 
their relative place is determined by polar co-ordinat«a, 
as the micrometer allows the observer not only to measure 
the apparent dietance of the two objects, but also the 
direction of the line joining these two points with rela- 
tion to some fixed direction — for instance, that of tlie 
parallax, or the declination circle, passing through the 
middle between the two stars. This angle, reckoned 
from the northern part of the declination circle, though 
east, &c., is called the angle of position, and the mi- 
crometric apparatus just indicated is called a position 
micrometer. The co-ef&cient of the effect of parallax 
on the distance and the angle of position can he as easily 
calculated, as for right ascension and declination, and if 
the apparent distance and angle of position are again 
expressed by D \ d w, V -v p ^, d and p being these 
co-efficients, the value of n- is deducted from the oh- 
aervations in the same way as was described before. It 
must he observed, however, that the problem is not 
quite as simple as it is stated here for the soke of greater 
lucidity. For parallax is not the only cause which may 
alter the petition of the star in the course of the year, as 
the star may have also apropermotion, always, however, 
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rectilinear, ivhose amount must be determined, at the 
same time, by the same method by which the parallax 
is deduced, as well as the corrections of the quantities 
D and P themselves, which must bo supposed as being 
only approximately known. It is by this method that 
Beeael first determined the parallax of 61 Cygni, and 
found for it tlie value 0"35, wliich, however, has been 
since somewhat increased by the observations of Struve. 
The star a, Lyrre has also been found to have a parallax 
of 0"-18 from the observations made at the observa- 
tories at Pulkowa, and at Dublin. The number of 
stars whose parallax is known with any certainty 
is still exceedingly limited, owing to the difficulty of 
these observations; but there is some hope that the 
many powerful instruments at present in use will con- 
tribute also to the advancement of this branch of science. 
331. Binary Stars. — The determination of the paral- 
lax of binary stars leads, when their orbits are known, 
also to the determination of their masses. The binary 
stars, as mentioned before (Art. 25), are double stars 
which move in orbits, in the same manner aa the planets 
move round the sun. The orbits of these are elliptical, 
and the motions of the stars are subject to the same 
laws as those of the planets. Since, then, the relation of 
the semi-axes of the orbits and the periodic times deter- 
mines the relative masses of the central bodies, we can 
compare themassofabinary system with that of the sun, 
whatever the distance." The elements of the orbits of 
many of these binary stars have been computed, but so 
far the value of the semi-major axis is known only in 
seconds, or decimals of seconds. 



> It T' be the time ot revolution of a binary Bj-slem, and T ihe 

length of a year, wB will haTB (he proportion T'': T>: : ' \f' " 

being the mean distance or the eanii from the sun, a' the semi- 
Bxia major of the ttat'a orbit ; U the mau of the sun, and m + ih 
that of the two starg. Thus the distance of iha two slarx 61 Cygni 
Bnbtenils atthe earth an angle of 15"-G. While the parallax of this 
star (or the angle the distance of the earth ani3 Eiin tuhtends ut the 
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332. DrsTBiBunoir dfStabs. — Thestarsieem at first 

Bight to be scattered witlioiit any \eiw at airangement ; 
a more careful esaminatioa eliowa, however, that their 
density, or the number of them which is found in a given 
space of the heavens, varies regularly. At two points 
of the celestial sphere diametrically opposed to each 
other the stars are more thinly scattered than else- 
where, and departing from these points, the density of 
stars increases in any direction at first slowly, but at 
greater distances &om them more rapidly down to the 
milky way, when it attains its maximum. Those two 
points are called the Glalactic poles, the great circle 
to which they belong and which coincides with the 
average course of the milky way, the Galactic circle. 
This rapid increase of the stellar density with the Gal- 
actic polar distance, in connexion with the bifurcated 
form of the milky way, led Sir W. Hersohel, under the 
supposition of an approximately uniform distribution of 
the stars, to the hypothesis that the stars of our firma- 
ment, of which our sun forms a part, forms a stratuia 
of definite form, and that its figure resembles roughly 
a cloven disc or lens. But many features — amougothere, 
for instance, the great gap which exists in the widest 
part of the milky way in the constellation of Arg<^— 
cimnot he well accounted for by this hypothesis, and 
willlead yet to a considerable modification of this viev. 



«w), a 0-S6, at 

Mrtli'i diataoct ftsntlM •■« u UU) w ta SG « *b H^ : U n 
iroald appear that ita orbit is n«krl; dicular and at right ■ngla to 
the vlsaal raf , and its period not far from 600 years. Sir John 

fltfM ItKS is l)'3fi& that or tlw «nn, 
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CHAPTER XXI. 
ws THE visoavEBisa m pkzsical 

333. THEastronomical knowledge tfaatcxistedbefore 
the time of Sir Isaac Newton waa derived from long 
and tedious obserratioiis, which had been continued 
through many ages. The TarioaB discoreries, such as 
ttie elliptical motions of the planets, tie law of the 
periodic times, the preceseioii of tfae equiroxes, the 
direct motion of the apogee of the moon's orbit, the 
Mtrogrademotionof its nodes, thevaiiatiou andevection 
of the moon, were appaiently so many unconnected 
ciicnmstances. 

It was Newton who first, from a few general laws 
at matter and motion, by help of mathematical princi- 
pies, showed tb.e origin and eonnexion of these different 
phenomena, and that they were umple resulta of the 
general properties which the Creatw has (wJained 
^onld belong to matter and motion. Before his time 
Physical Astriwoniy did not exist. The attempts of 
Kepler, Bescaites, and others, to explain aererol as- 
bvnomical phenowena from phyeieal prindplcs, n«rw 
scarcely deserve notice. 

384. Itwould be incompatible witbtkeflm of tSiiswwk 
to enter into any detail of the mathematical prtncljilea 
ef physical aetrenomy. But the diseoreriee te phyeteal, 
are so eiMuiected with plane ae43«n«i»y, and so impor- 
tant, that it was not possible to avnd tbe mention of 
Ktmy ot th^t, wh^ oeottnon offered ; and ik may Qet 
Ite deemed ^npnpw to e^eiude ffitb a ^m4 aeoosit ef 

bna received fromtheapi^i fl flfciflB of ^ysJoalpripoiplBB. 
Sir Isaac Newton has shown that oU the Ikodiea eltko 

" r I 
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Solar system mstually attract each other; that the 
gravitation, or the force of attraction, exerted by or to- 
ward any body, is in proportion to the mass of the at- 
tracting body ; ttiat this force is greater or less accord- 
ing aa ttie iHstajiee from the attracting body is less or 
greater, and that in proportion to the square of the 
distance. 

335. Of the immediate cause of gravitation he con- 
fesses himself ignorant. He says' that gravity must 
be caused by an agent acting constantly according to 
certain laws: but whether this agent be material or 
immaterial he did not attempt to decide. He reflected 
much on this subject, but it does not appear that he 
ever came to any conclusion which satisfied him- 
self. At this day we are not advanced one step farther 
toward"the knowledge of the prosimato caiise of gravity, 
than Newton himself bad advanced. 

The knowledge of the proximate cause, however, is 
not necessary to ascertain the eisistence and laws of the 
action of gravity. The latter are collected from the ob- 
servation of a variety of facts. 

From the laws of the action of gravity, combined with 
laws of matter and motion, deduced from observations 
on terrestrial matter, Newton explained the motions 
observed in the solar system. 

The sun, situate in the midst of the planets, attracts 
them all towards itself, while they also attract the sun ; 
but from the greater mass of the sun, the effect of the 
planets in moving the sun is very small, compared with 
the attraction of the sun on the planets. 

Had no other impulse been given to each of the 
planets, tbcy and tbc sun would have come together in- 
consequence of their mutual attraction. But a proper 
impulse was given to each planet in a direction either 
perpendicular, or nearly perpendicular to a line joining 
the sun and planet. In consequence of this impulse^ 
and of the attraction of the sun, each planet continues 

[. Coreley's Edition uC 

L;3.i:-:ij<t.AK>t;k 



CHAP. XXI.] 2^ewton*s Discoveries. 277 

to revolve round the sun in an elliptical orbit not dif- 
fering much from a circle — that is, not very eccentric. 
These impulses must have been given at the creation. 
They required, to use the words of Newton.* " the Di- 
vine Arm to impress them according to the tangents to 
their orbits." 

The simple laws of matter and motion, which the 
Almighty has been pleased to ordain, are sufficient to 
preserve f^e motions of the system for a length of time, 
to which our bounded intelligence cannot put a limit. 

336, The preparatory steps of Newton consist, prin- 
cipally, in showing, that a body bo projected, while it 
is at we same time attracted to a fixed centre, describes 
equal areas in equal times about that centre, and in 
investigating the laws of the variation of the force by 
which a body attracted toward a given point may be 
made to move in a given curve. 

He particularly shows, by an interesting application 
of mathematical principles, that a body moving in an 
ellipse, and describing ec[ual areas in equal times about 
one of the foci, must be attracted toward that focus, by 
a force varying inversely as the square of its distance 
from the focus : that the squares of the periodic times 
of bodies, moving in different ellipses about a conunon 
centre of force in the common focus, are as the cubes 
of the greater aies. 

He also, conversely, proves that a body attracted to 
a fixed centre, by a force vMTing inversely as the 
square of the disttmce, and projected in a direction, 
not passing through the centre, with a velocity not 
exceeding a certain limit, will describe an ellipse about 
the filed centre. The increase or decrease of ve- 
locity generated by the attractive force is so exac^ 
combined with the velocity of projection, that the effi- 
cacy of the attractive force in drawing it from the tan- 
gent of the curve, in which tangent it would continue 
were the attractive force to cca'^e, is such as always to 
retain it in the circumference of the ellipse. 

• Tbita Letter to Dr. BenUey. 
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After considering a variety of cases of motion about 
a fixed centre, he coneidera two or more bodies mutu- 
ally attracting each other. 

He also demonstratea that if a sphere consist of par- 
ticles, each of which attracts with a force varying in- 
versely as the ai^uare of the distance, the united 
forces of all the particles compose a force tending to 
the centre of the sphere, and varying inversely as the 
square of the distance from that centre. 

837. The application of hie investigations to the 
system of the world may be briefly stated as follows : — 

The efi'ort by which all bodies within our reach 
tend t«ward the surfeoe of the earth we call gravity. 
If left to themselves, bodies fall toward it in a right 
line, but, if proj ected, they tend toward it in a curvili- 

Bv gravity, also, a pendulum, when removed from a 

vertical position, tends to it again, and so vibrates. 

Experiments on the motions of falling bodies and the 
vibrations of pendulums, after proper fdlowances made 
for the redstance of the air, rfiow that this force of 
gravity, measured by the velocity produoed in a given 
time, is nearly the same in the same place, at any dis- 
tance &om earth's surface to which our experiments 
can reach. 

But along with the knowledge of this fact we also ar- 
rive at anotiier of great importance — viz. that however 
dissimilar bodies are in their visible properties, yet 
they are all equally affected by gravity, that each par- 
ticle of a body is acted upon by the same force, that the 
component parte of air and gold are equally impelled 
toward the earth. This knowledge is derived from ob- 
serving that aU bodies, at the same place, describe, in 
falling from rest towards the earth, equal spaces in the 
same time, the resistance of the air being removed. 

To these laws of gravity we are enabl^, also by ex- 
periment, to add a third— that the gravitation toward 
the earth is the united effect of gravitation toward its 
separate parts, or that each particle of matter attracts; 
from, whence it follows that the attraction of gravita- 
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tion between teircBtrial matter is mutual. Several 
etroEg arguments induced Newton to adopt this aa an 
hypoflieBis, but it seems not to have been fully verified 
till long after hie death. Jio facts, proving it, were 
known to him. 

If the earth had been originally a fluid of uniform 
density, it would have followed from the mutual attrac- 
tion of its parts, and &om ite rotation on its axis, that 
the increase of the length of a pendulum vibrating 
seconds would have been nearly as the square of the 
sine of latitude. Also, if the earth had been originally a 
fluid of unequal density, the denser parts would have 
so arranged themselves towards the centre that the law 
of increase of the length of the pendulum would still be 
as the square of the sine of latitude. Now we know 
that the interior of the earth is denser than the surface, 
and a great number of experiments have shown that in 
both hemispheres the increase of the length of the pen- 
dulum is as the square of the sine of latitude. The 
ellipticity of the eartit also agrees with that of the ob- 
late spheroid, which a fluid sphere would assume if it 
revolved round an axis in the same time as the earth 
does. From hence it has been inferred that the earth 
was originally iji a fluid state. 

Laplace has shown that the efiectofthe attraction of 
the excess of matter at the equator causes two equa- 
tions in the moon's motion, one in latitude and the 
other in longitude. The quantities of tbese equations, 
having both been well ascertained hy an examination of 
a very great number of observations, have served to de- 
duce the excess of the equatorial above the polar dia- 
meter. Each equation gives the same excess very 
nearly — viz., j^j. Laplace also has shown that the ex- 
cess of matter at the equator of Jupiter occasions certain 
equations in the motions of the satellites. 

338. Before the time of Newton, it appears that 
several eminent men had notions respecting a mutual 
attraction in the system. Kepler, in his work " De 
Stella Marte," speaks of the mutual gravitation of the 
earth and moon. He says that if they were not re- 
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tniucd at their proper distances, the eartli and moon 
would come together, the moon coming over 53 parts 
of the diatenee, and the earth oyer one part. He also 
seeniB aware, that not only the tides are caused hy the 
attraction of the moon, but also that the irregularitieB 
of the moon are caused by the united actions of the siin 
and earth. But it does not appear that either he, or 
any other person before Newton, had an. idea that the 
force of gravity toward the earth, combined with the 
projectile Telocity, retained the moon in her orbit, or 
any notion of the variation of gravity at different dia- 
tanees from the earth.* 

Kepler, although an excellent mathematician, seems 
not to have been able to apply that science to his ideas 
of gravitation, and Galileo had the merit of first apply- 
ing the principles of mathematics to investigate the 
effects of gravity at the earth's surfacei He first showed 
that a projectile acted upon by the uniform force of 
gravity, in parallel lines, describes a parabola. 

We find no mathematician between him and Newton 
pushing the inquiry farther, and investigating the carve 
in case of a projectile taking such a range that gravity 
could no longer be considered to act in parallel lines. 
About the time, however, that Newton applied himself 
to these inquiries, we see several mathematicians con- 
sidering the laws of action by which bodies may revolve 
with uniform velocities in different circles about the 
same centre. 

We are told that an accidental circumstance first led 
Nevrton to consider the effects of the gravity of the earth 
at a distance &om the surface, and to inquire whether 
that gravity did not extend to and retain the moon in 
her orhit : the moon, hy the continual action of this 
force, being drawn irom a rectilinear oonrse, and madeto 
revolve about the earth in a nearly circular orbit. 

* It may be connidered u a curious cirCDmjjtance IhitGallleo eom- 
pntts hoir long ■ body iroulil Uke to fill fromtbe moon lathe earth. 
Ha auppnua tlia forca of gravity to continue tbe uma throughoot 
tia wbole diatauca. 
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By arguments similar to those which have been al- 
ready given in Art. 308, he concluded that the force of 
gravity, diminished in the duplicate proportion of the 
eemidiameter of the earth to Uie moon's distance, waa 
the force acting at the moon and retaining it in its 

339. We deduce somewhat more easily the law of 
gravitation towards each of the planets which have 
satellites. It is found that the satellites of Jupiter 
move round Jupiter in orhits nearly circular, and that 
the squares of the periodic times are aa the cubes of 
their distances from the primary. 'Whence it may be 
easily shown that they are constantly impelled towaid 
or attracted by Jupiter, by a force increasing as the 
square ofthe dirtance from Jupiter decreases. The same 
may be said of Saturn and Uranus. Here, then, are the 
earth, Jupiter, Saturn, and Uranus, each attended with 
an attractive influence, acting by the same laws, and 
therefore, by analogy, we may justly conclude that the 
remaining planets attract by the same laws. 

340. Newton'siBvestigationsof the motions of bodieB 
about the same centre of force, combined with Kepler's 
discoveries, prove that each of the planets is attracted 
toward the sun, by a force varying inversely as the 
square of the distance from the sun. 

For Kepler showed from observationB, Ist, that each 
planet described equal areas in equal times about the 
sun ; 2nd, that it moved in an ellipse of which the sun 
occupied the focus ; and, 3rd, that the squares of their 
periodic times were as the cubes of the greater axes of 
their orbits. Newton demonstrates by geometry that 
when the first takes place the planets must be retained 
in their orbito by a force tending to the sun ; when the 
second is true, that that force must vary as the inverse 
square of the distance ; and that when the third holds 
good, the unit of attractive force must be the same for 
all the planets. 

341. Thus then by the moon we ascertain that the 
CMth exerts an attractive influence ; by the satollitea 
of Jupiter, Saturn, and Uranus, tiiat these planets 
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exert a aimilar inflaence : and by the forms of the pla- 
netary orbits and laws of motion in those orbits, that 
the sua also possesses an attractiTe force. We find 
the law of action is the same in all the attracting 
bodies. But if we examine fertber wo find the forces 
exerted very different at the same distance from eacli 
body. If we compute the force exerted by the earth, 
at the distance of the sun, by diminishing the forco of 
gravity at the earth's surface in the duplicate propor- 
tion of the semidiameter of the earth to the sun's dis- 
tance, we shall find it smell indeed, compared with the 
force the sun exerts on the earth. 

342. As the planets are attracted toward the sun and 
attract their satellites, we may conclude that they at- 
tract one another and the sun. Also, as we find the 
attraction of the earth made np of the attractions of its 
parts, so we may conclude the attractions of the sun 
and planets composed of the attractions of their parts, 
and that the law in the system is, that every body at- 
tracts with a force, at a given distance, inproportiofft^ 
its mass, and that the force diminishes as the square of 
the distance of the attracted body is increased. This 
has been wonderfully confirmed in recent years by the 
discovery of Neptune. The path of Uranus had been 
calculated, allowing for the disturbing action of Jupiter 
and Saturn ; but this path Vas found not to agree 
strictly with former observations of Uranus when it 
was supposed to be a fixed star, nor with recent obser- 
vations since it was recognised as a planet, in 1781. 
From 1690 to 1715 its observed place was in advance 
of its computed; from 1715 to 1771 it was behind; 
from 1780 to 1828 it was in advance by a quantity 
which increased from 3"'45 to a maximum of 24""16, 
in 1804; after which it again diminished till its ob- 
served and computed places agreed in 1830. Since 
which time it has been behind its computed place. 
Adams and Leverrier- independently undertook the 
mathematical solution of this problem ; assuming the 
universality of gravitation, to determine the mass and 
jposition of an nnknown planet which could, by its at- 
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traction on TJranUB, produce an effect not accounted for 
by the pettnrbationB of Jupiter and Satnm ; that is, 
being given the effect produced, to discover mathema- 
tically the cause. Both succeeded in the attempt, and 
Levemer ■wan the first to publish his results, which in- 
dicated the exact place where Ifeptnne was to be found. 

343. As soon as Newton hadpublished his discoveries, 
there could be no rational doubt of this being the law 
which exists throughout the solar system. Becent iu- 
vestigationshave shown, as has been already stated, that 
the law of mutual attraction, according to the inverse 
square of the distance, extends even to binary stars; 
every step, in fact, that has since been made in Physi- 
cal Astronomy has furnished additional proofs of the ■ 
universality of the law of gravitation. 

It is probable that Newton derived no assistance in 
the discovery of the law of gravity : yet he does not 
seem unwilling that others should have a share in the 
merit. He ingenuously tells us that Wren, Hook, and 
Hilley had separately discovered, from Kepler's law of 
the periodic times, the law of attraction towards the 
sun, if the planets moved in circular orbits. But the 
great fame of Newton rests not upon this foundation, 
that he merely discovered the law of gravity. He pro- 
ceeded hy synthesis to examine the phenomena that 
would offer thanselves in a system so regulated. His 
transcendent mathematical powers enabled him to point 
out the origin of all the more splendid discoveries of 
former ages. He showed that the planetary orbits must 
be elliptical, that the lunar irregularities, the precession 
of the equinoxes, and the phenomena of the tides must 
take place from the principle and law of universal at- 
traction ; thereby evincing, in the strongest manner, 
that he had arrived at the knowledge of those laws 
which the Creator had willed for upholding the system 
of the world. 

344. Newton had extended the boundaries of mathe- 
matical knowledge, as much as he had those of physical. 
He preferred exhibiting his investigations and conclu- 
sions in a geometric, rather than in an analytic form, as 
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better Buitcd to the general outlines of physical eetro- 
notny, and also as better adapted to call the attention 
of the world to hie great dlBcoveries. To extend the 
limits of physical astronomy, and to explain discoveries 
that have been made by comparing modern and ancient 
ohserratione, it has been found necessary to adopt en- 
tirely the analytic method. 

A considerable time elapsed from the publication of 
Newton's Principia, in 1687, before any attempt was 
made to extend the investigations of Newton. In 1740 
Maclaurin, Euler, and Bernonilli shared a prize given 
by the Eoyal Academy of Sciences at Paris, for their 
dissertations on the tides, in which they made conaider- 
able advances in the path pointed out by Newton. 

Soon after, Euler, D' Alembcrt, and Clairaut engaged 
in the famous problem of the three bodies, as it has 
been called — that is, to investigate the motions of three 
bodies, acting upon each other according to the laws of 
gravity. The problem, in its general extent, is beyond 
the powers of analysis in its present state : but we 
can approximate to the solution with sufficient exaet- 
ness when the disturbing force of the third body on the 
other two is small in comparison to their mutual at- 
traction. Thus, the sun disturbs the motions of the 
moon, as seen from the earth, only by the difference of 
its attractions on the moon and earth, which difference 
is always very small, compared with the force by whi<A 
the moon is attracted towards the earth. 

The importance of an exact knowledge of the lunar 
motions, in finding the longitude at sea, seems princi- 
pally to have incited the exertions of these maUiema- 
ticiana. A difficulty soon occurred which made ttiem 
at first doubt of the exactness of the Newtonian law of 
gravity. They could not reconcile the mean motion of 
the lunar apogee, as determined by calculation, with 
that deduced from observation.' They saw the latter 

■ Newfon himselFaeema to have long been Mniiible of Ihisdifflcnitv, 
and tn have exerted liim.eirin Hie cnmpulaiion witbuut auccen. In 
the fine ediiiuD nt tbe FrJni:tpU be menCiDos compuUtioiu \>j vbicb 
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was double of the former. At laat Clairaut, by ex- 
tending his approximations'' overcame this difficulty, 
and added a new proof of tbe law of gravity. 

345. There were two phenomena, however, to which 
Flamstead and Haliey first called the attention of aa- 
tronomers, which far many years baffled all attempts to 
account for them,' from the received laws of ^ gravity. 
These were the acceleration of the moon's motion 
(Art. 264), and the acceleration of Jupiter's, and retar- 
dation of Saturn's motions (Art. 245). 

Dr. Halley's computations on the ancient observa- 
tions had been verified by other astronomers, and no 
doubt remained of the facta. The acceleration of the 
moon's motion had also been verified by computations 
made on three eclipses observed by Ibn Junis, near 
Cairo, towards the end of the 10th century. 

346. Euler, who, as a nmthematician, ranks so high, 
directed hia attention to the motions of Jupiter and 
Saturn. So early as the yew 1748 he published an 
investigation of them, but failed to explain the" diffi- 
culty. Other mathematicians engaged in the inquiry. 
For a long time the object of their pursuit eluded them, 
but their exertions tended much towards perfecting 
physieal astronomy. 

Euler investigated many of the disturbances which 

be had ascerLiined the agreement nearly of his Theory with Flam- 
Btead's Tables, iccommnilRted to the Hypulhesig or HorroK. But ha 
Bays, "Compuiatioiiea aulem ut nimu perplexas et approximitioni* 
bus Impediiai, neque at^caraTas, apponere nun label." Id the aubao- 
quent editions of iha Priiivlpia, he duea not alCempt to reconcile lite 
obaerved motion of ilie apogee wirh Ida Tbeory. It would be very 
intemtiiig lo know Uia purCiculara of hia computation. 

''Not considering the eccentricity and inci ilia lion or (he lunar 

■ , f ^ , 3 325 ■ 

iHiitf, IS eipreased by asenes of terms of ineform - m> H — m' +. 
■". "^ ^ 4 82 

periodic lime of the moon 1 . „, 

fc., „™ . . ^_.-^.^ ^._^ ^, ,^_---^ . J5 n..,lf . Cl.l,..l'. tal 

spproximatlon cslcudcil only.to Ihe term -m». 
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take place by the mutual action of the sua and planets, 
He first showed that the diminution of the inclination 
of the ecliptic to the equator, whieh ancient obaecra- 
tionH appeared to show, waa oceaaioned by the action 
of the planets by which the plane of the earth's orbit 
is gradually changed. 

Lagrange, who has become so distinguished by his 
many splendid improrements in mathematics and mA- 
thematical philosophy, about 1765 published* his in- 
vestigations respecting the motiona of Jupiter and 
Satom. 

The celebrated Laplace, in 1 773, showed that the 
mean motions and mean distances of the planets were 
not subject to any variatiou arising from their matual 
actions on each other, or at least were so nearly uoui 
stant that nothing could appear to the contrary from 
the most ancient obeervationB. Hence the explanation 
of the acceleration of Jupiter and retardation of Saturn, 
that Lagrange and others had given, could not be the 

Soon after Lagrange Mmtelf proved strictly, what 
Laplace had proved only by approiimatioM, that aeithei 
the mean motioni nor mean diatanoes of the planets 
were subject to any perceptible alteiatioii &om tb^ 

mutual attraction. 

It was not till 1 786 that Laplace discovered the true 
explanation of the di£B.culties as to Japiter and Satnmi 
after it had been sought for in vain above thirty y wiSt 
by the continued exeitions of the first mathematieiana. 

His investigationB furnished another confimiation of 
the mutual attraction of the system. He showed tliat 
the quantity of acceleration in the motion of Jupitel 
and retardation in that of Batumi deduced from eon- 
putation, agreed with. obs«3Tati<«.'' 



k Turin UaiDoin, yt>\. 8. 

* It UnatBUf to mike bil Sawnrj Inlitnglble totIwwM)t«a»> 
varunt In tbe computaCiom of phfiicw utroaomy. Tbs t^uatuatt 
adiiog from Ihe mutnd stlnetioa of t^ boliM af tba mniii mt 
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347. The diffleohy of the aeceleratioE of the moon's 
motion yet remained, and it hadfullyaa much occupied 
the attention of tho«e who endeavoured to improTe 
Physical Astronomy as that iust mentioned. 

The Royal Academy of Sciences at Paris had proposed 
it several times as the subject of their prize. It had 
eluded the researches of Lagrange, yet his investigatioaB 
on the subject gained the prize in 1772. Boasut had 
endeayoured to explain it by the resistance of an ether, 
or subtle fluid pervading the whole syst«in. Laplace 
endeavoured to explain it by supposing that the ti'ana- 
mission of gravity, like that of light, was liot instan- 

divlileil into leailar and periodical. In fact it ia now kDOvn that all 
oquBtionj are perindicsl, but tlieUrm '■ sei^nlar" distiDguiahea Ibim 
that do not depend on tha poattion of Uie bodia aa to aach otbar. Aa 
these aquationa appertain Co a lang period, thay ara called aeEobir. 
Periodical equa^oni an Iboae tbU depead on tbe po«m>>a of tin 
bodiea to each other. 

Thua the Variatimt of the moon (Art. S65) depends on the angular, 
distance cf the idooq from the eun, bdng proportional to tha hsb of 
twioB the angular distanos of tlw moan ftuni the ran, afid k aUad a 
periodical equatioa. The Kcaleratiou of the mooD'a noCtdn, not d« 
pending oa tha poeition of the aoo, oiotm, asd eaitb, is called a «•• 

Lagrange had at Aral concciv«d that the aceeleratloii of J1]Idte^ 
«BS fi'ini a nmlar cqualK^ ; bat LaplacAt and then he htmnnH 
ahowed that no aacfa eqaadon csuld Bxlat In ths plutetary motkm^ 
"ShbtatoTa Laplace Taa led to look for a periodical equatieo, and bA 
observed that aa twice the mean motion of Ju^ter waa very nearly 
oqnalto ive times that of Saturn, an eqnatioiv of a veiy long porioil 
wonfd reeolt from thence, which might be unslble. To Inveat^aM 
Ikia, tt was oatamtry to exletid Ibe appraximatloaa t* a gnaUr leogA 
UkM had bitberM been ilan& It mighl, and U bi likely it did, oeotrto 
others before this tine, tbat thia was a pntbaJileaoaiBe of tlie pbaqo- 
mena,but till the exiilsnceefa secotareqaaUoa bad been diapro^d.^ 
fOtmidablecalculatlDDB might have deterred them. SimDatly, tbliteeD 
ttMB the period of VesoB my BSftriy cqaal eight tinea that eflto 
•MtkiWllkehlMfttaaitlingnbd^taUie ■wth^aatlDB, ArtMld 
ligi the calcBlMioM a( UE,iji^ vUetkhM a pankMl of MO ywDi, NKt 
fuaonnta only ta a Etw Nconda at lU ma»linnm. Thia ia d^Modaot 
Qpaa powara and prodoeta of the escentridty and Inclination of tha 
MIfa onlei'. Equttlons dependtng on Ota iHfflueiHa between Ht^ tfanta 
tk* tMtkn tt Niy phnel and twlM that af aMOw Mtaalty «kW^ 
IM BM isaoMibia is tto g^tt plHibk 
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taneons, and on this hypothesis he made some important 
iuveatigations. At length, in 1787, Laplace himself dis- 
covered, as Mb method showed, that it was a simple re- 
sult of the laws of gravity. The actions of the planets, 
besides changing the plane of the earth's orbit, change 
also its eccentricity. The eccentricity now is diminish- 
ing, and wiU continue, for many ages to come, to do so. 
It will afterwards increase, and thus he subject to 
periodical changes. These changes will affect, through 
the action of the sun, the angular velocity of the moon 
about the earth, and hence at the present time an ac- 
celeration takes place. Nothing seemed to be more 
satisfactory than Oie results of Laplace on this subject. 
Se found tiiat his value of the acceleration of the moon's 
motion was in accordance with the observation of the 
ancient -eclipses, and pointed out in consequence that 
this accordance between theory and observation in re- 
spect to this secular acceleration proves the constancy 
of the length of the day ; for supposing this length to 
he greater now than it was in the days of Hipparchns 
by the hundredth part of a second the actual duration of 
a century would bo greater by 365^ seconds, during 
which the moon describesan arc of 173"-2. The mean 
secular acceleration would in consequence be increased 
by a larger quantity than would be admissible. We 
have seen already (Art. 264) that Professor Adams 
pointed out a deficiency in Laplace's method, and has 
shown that the true value of the acceleration produced 
by this cause is only one-half of that which Laplace had' 
calculated. The deficiency must be accounted for by 
other causes. At the same time Laplace's argument' 
for the constancy of the length of the day falls to the 
ground, Indeed the natural explanation which now 
presents itself to account for the discrepancy of the 
theoretical value and that derived from observations is 
that the portion of the moon's acceleration which ia not 
accounted for theoretically is only apparent, and arises 
f;om a change in the length of the sidereal day, or the 
period of the .earth's rotation, which we must assume- 
to be increased jjf j; of a-aeeond in the course of 2000^ 
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years, in order to bring the theoretical value of the ac- 
celeration of the moon'e motion in agreement with the 
observation of ancient eclipses. This, aa has been 
already stated, may poBsibly be owing to the friction 
of the tidal wave, which may tend to retard the earth's 
rotation. 

348. The results of all the improvements in physical 
astronomy, since Newton first called the attention of 
mankind to it, have been given to the world by Laplace, 
in his great work, entitled "Mecanique Celeste." This 
andthoPmcipia of Newton will pro'oably be considered 
by late posterity as the two noblest monuments of hu- 
man science. The Prineipia of Newton was the work 
of one mind, which could derive no assistance &om those 
who had gone before. The energies of the most distin- 
guished abilities had been for many years employed in 
coUeeting materials for the fabric that Laplace has 
erected. Newton and Lagrange have assisted in an 
eminent degree ; Maclaurin, Euler, T. Simpson, Clair- 
aut, D'Alembert, and others, greatly contributed. La- 
place himself, besides the merit of planning, and of 
selecting, and arranging the materials, has the honour 
ofhavingexecutedmanyof the most difficult and highly 
finished parts of this great work. 

849. No motionisnow known toexistin the system 
but what we can show to be conformable to the laws 
of universal gravitation. It must not, however, be sup- 
posed that the analytical science, as applied to physical 
astronomy, is perfect, or even in a state approaching to 
perfection. Notwithstanding the great progress that 
hae been made during the last century, much remains 
to be done. Because the orbits of the planets arc in- 
clined at small aagles to the ecliptic and tn each other, 
and because the eccentricities of the orbits are small, 
we are enabled with tolerable facility to compute by 
approximation the disturbing effects of the planets on 
each other. But it is a work of great labour and diifi- 
cnlty to compute the disturbances of bodies like the 
aateroids which move in orbits of greater eccentricity 
and inclination, although these caJcuIationa have been 

V 
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muct rimplified, specially by the labours of Professor 
Hansen of Gotha, in this case also. But in many cases 
where the orbits are very eccentric, for example, in re- 
spect to comets, the only way of computing their per- 
turbations is to follow the comet and disturbing body, 
step by step, and to compute at sufficiently short inter- 
vals the perturbations 'which the comet undergoes 
owing to their relative position. 

The mean motions and mean distauccs of all the 
planets are to be considered invariable, and the effects 
of their mutual actions are all periodical. We can now 
ascertain for thousands of years the state of the system, 
shoiild such a continuance be permitted by the Divine 
Author. 

The obliquity of the ecliptic, which now is diminish- 
ing by a small quantity every year, will never be dimi- 
nished more than a degree or two. This is a very 
interesting result. Had the obliquity continued to de- 
crease, the equator at last would have coincided with 
the ecliptic, the change of seasons would have no longer 
existed, and a great part of the earth would have 
been thus rendered, incapable of producing the neoesflary 
food for the existence of men and other animals. 

350. In all our inquiries into the operations of 
nature, by wliicli should always be understood the 
modes of existence and laws assigned to the objects of 
creation by the Divine Creator, we meet with sources 
of delight and admiration ; but in none more than 
when we contemplate the objects of astrouomy. 

The magnitudes and the distances of the bodies of 
the solar system, the immense number of the fixed stars 
placed at immeasurable distances from us, and from 
each other, show us tbe magnificence of the creation. 

By the discoveries of Newton we are permitted, as It 
were, to understand some of the counsels of the Al- 
mighty. From these we can, by demonstration, over- 
turn ijie absurd doctrine of blind chance. We see that 
a Supreme intelligence placed and put in motion the 
planets about the sun in the centre, and ordained the 
laws of gravitation, hanng provided against the smallest 
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imperfection that might arise from time. And let us 
not imagine that only in theee vast hodies the Supreme 
care yras employed. Let us not imagine that man, ap- 
parently so insignificant, cannot he an object of atten- 
tion in a world so vast. The protecting hand of the 
Creator is equally visible in the Bmalleat insects and 
vegetables, as in the stupendous fabrics which astro- 
nomy points out to ns. He who formed the human 
mind so different in its powers and mode of existence 
from the rest of the works of creation, has assigned 
laws peculiarly suited to its preservation and improve- 
ment : laws not mechanical, hut moral : laws only 
ohscnrely seen by the light of reason, hut fully illu- 
mined by that of Be relation. 
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QUESTIONS FOE EIAMINATION. 



I.— The munlier ktter each questton Indintca fbe article in w 



CHAP. I. 



1. Enumerate the planets. 

3. Define the horizon, meridian, altitude, azimuth, zenith, 
□ndir, equator, ecliptio, right asceneion, declination, veriical circlee, 
prime vertical, obliquity of the ecliptic, tropica, aolaticea, zodiac, 
loD^tude, latitude. What are the right asconsiona and deirli- 
nations of the eun on the following daye :— Marcli 20; June il 
September 23; December 22? 

3. Where is the coaateUation Aiiesnowln relation to theiatei- 
flection of the ecliptic and equator, and why is it removed f 13. 

4. What is meant by a sidereal day, and a sidereal hour? 14. 
How would you find lie length of a sidereal day without the uce 
of a telescope ? 7. Why is the interval between two Bucceseive 
tranaits of the Bun or mooD greater than 23 hours S6 minutes? 
9, 10. Why ia tbe interval between two opposition! of the moon 
greater than that between two auccessive letuma to the lame 
lied alar ^ 10. 

6. Why is the altitude of a celestial body greatest when on the 
meridian t S. 

6. Being given the right aseeusion and declination of a star, 
bow may its latitude and longitude be found 7 Id. 

CHAP. III. 

7. (Hvo tlie argoments which prove that the earth ia a sphere. 
31. 

8. If the earth be a sphere, tbe change iu the altitude of tbe 
pole will he proportionat to tbe space gone over north or south. 
Prove this? 34. 

9. Lengthofadegreeon theearth'ssurface? 35. 

10. How ia the diameter of the earth found from this f 35. 



294 Questions Jor Examination. 

11. Diffei«nce between eqaatoiial uid poUi dlunetera > 3&, 

12. Wliat is meant bj the ellipticity of the eoith } its fnlue P 

35, note. 

13. EralostheneB' method of determining the size of the earth P 

36, note. 

H. What is meant by the terrestrial and the celestial equator? 
86. 

Ifi. Differenoe b«tireen terrestrial and celestial latitude and lon- 
gitude? 36; 16. 

16. Prove tliat the altitude of the pole ii equal fo the latitude 
of the place. S9. 

17. Why will the heavenly horizon be a great circle f 40. 

18. Why are tie days longer than the nights, in Summer, in 
northern latitudes, and the opposite in Winter 1 Show by a ( 
gram how the change in the declination of the sun produces the 
succession of the seasons. II, Chap. 1. Why is Summer longer 
than Winter? and why is the heat not greatest on the longest 
day? 11, Chap. I. 41. 

19. What is meant by an oblique sphere? a right sphc" ■" 
a parallel sphere F 41, 42, 43, 

20. What is the lowest latitude at which the day can hi 
hours long? and why? 

21. Why are day and night always eqnal at the earth's equa- 
tor ? 42. Show that the sun will be vertical to a place within 
the tropics on two days in the year ? What will be its declination 
on those days? 

CHAP. IV. 

22. Explain atmospheric refraction F 46. 

23. Why does it increase a star's altitude ? 46. Where ii it 
greatest ? 47, 

24. Wliat is the lam of atmospheric refraction ? 48. 
2,i. Proie that the refraction equals (p - 1) tan Z. 48, 

26, How is the eoefficient of refraction found when the latitude 
of the place is known ? 49. If the greatest and least true zenith 
distances of the pole star be 52° 7' 30", and 4S°32'2B'', find the 
latitude of the place. 45. 

37, Sradley's method of finding the coefficient of reli;action 
when the height of the polo is not known ? SO. 

25. Cause of twilight ? when does it begin and end ? fit. How 
may its duration be found f Show this by a figure. 63. 

29. Whyistwiligbtahortestattheequalor? fi3. 

30. When does twilight last all night at a given latitude P B8. 
Find sun's declination when the twilight begins to last all night 
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CHAP. V. 

32. Hot are tite apparent diameteis of the sun, moon, and 
planets meaauredf 67. 

33. In what manner may the difference of declination of two 
Btara which have nearly the same declination be measured 1 67. 

34. If the Btara in this case differ much in right ascension the 
circumstancea are altered : why ? 57. 

3a, How ia the angle found whiuL two places on the same ter- 
restrial meridian subtend at a planet? 68. 

36. How are the circumstances of this observation affected when 
the tva places are not under the same meridian, and when the 
star and planet are not on the meridian together ? S8, noU. 

37. How is the angle which the earth's disc subtends at aplanet 
fo'jud ? 69. 

BB. Prove the formula for the horizontal parallai of the moon 
in terms of the meridian zenith distances of the moon, as seen from 
two ohervstories in given latitudes and in the same longitude? 69. 

89. Why does this method fail in the case of Jupiter? how is 
the distance of that planet found? 60. From two observations 
of Jupiter in suircessivs quadratures of the planet, the angle 
which the earth's orbit suhtende at that planet may be found. 

40. Being giron the boiizentsl parallax of a heavenly body and 
the diameter of the earth, how is its distance from the earth 
found } 64, note. 

4L. By what method are the diameters of the inn, moon, and 
planets in miles found? 63. 

42, Howis therotation ofthesunonitaaiiaprovedf 6S. 

43. What appearan'ies prove that the sun's spots are not dark 
bodies revolving round him ? 63. 

4i. What is meant by diumrJ parallai 7 When Is it greatest ? 
and why ? How does it vary with the altitude i 74. 

46. What effect has parnllax on the position of a, planet 7 and 
on that of a fixed atar F and why i 73. 



CHAP. VI. 

46. What are tiie argaments for the diurnal motion of the 
earth f 76. 

47. What ia tbe force of the argument from analogy f 77. 

48. State the ai^umeat from centrical force P T9. 

49. What is the experiment of a falling body which is adduced 
in fsFour of the earth's rotation > 80. 

60. Giplain the effects which the rotation of the earth would 
produtie in the plane of vibration of a pendulum— (I) at the pole; 
(2) at the equator i (3) at an intermediate latitude. 81. 
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5\. What are tbe HTguments in favour of the annual motion of 
the eartli ? 83. 

52. State the argument from analogy. 34. 

63. What is the Brgnmimt frnm uniTersnl grSTitation ? S5. 

bi. What efiect would he produced upon tie aeasons were the 
earth's axta to lie in the plane of the ei:liptic, oi to be perpen- 
dicular to it ? 86. If Chu rotation of lbs i^arth on its axis were 
from east to weat, but in the same time as atpreBciit, wbatchangs 
would be produced in tlie length of the mean Bolar day, and in the 
numberofdayBintheyearP 9, 76, &c. 

SB. Deacribe the position and motioa of the earth's axis. 86. 

66. How does thia explain the change of seasons P 87. 

C7. What is meant by the annual parallai of a star ? Wly is 
it so small? 88. 

68. Uov may we find a minor limit to tbe distance of 7 I>ra- 

69. Show that, if we select a star in the solstitial colure, tbe 
annual parallax will be known, if the differeni'O between the 
greatest and least pular distance be observed. 88, nnlf. 

60. What was Bessel'a method of finding the parallax of a 

61. What is (be star neaiest to the earth, and its puallax? 

62. Definethepreceasionoftheeqainoies. Whatisitsamount ? 
89. Why BO called? What effi-ct has it on Ihe longitude of a. 
star? 

63. What is the physical cause of precession > 90. 
«4. What is nutation > SO. 

66. now may preceaaion and nutation be graphically repre- 
sented i 91. 

CHAP. VII. 

68, How may it be shown that tie motion of the planets round 
the sun, in orbits nearly ciicular, accounts for tbe observed 
phenomena? 94, &c. 

67. What is meant by tbe elongation of a planet from tbe sun? 
What are the inferier planets ? When is their elongation great- 
est P How does tbe greatest elongatii>n determine the ratio of 
the distance of the earth and planet from the sun ? 96. 

68. When is a planetaaidto be in inferuir or tupitior conjunc- 
tion ? 95. 

69. By noting tbe time from last inferior conjunction, and the 
elongation of an inferior planet from the sun, the ratio of tbe dis- 
tances of tbe earth and planet from tbe sun may be determined. 
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71. Knowing the ratio of the distances nf fbe earti and ptonet 
trom the eun. how msy ve calculate what the elongation ought 
to be at S.7IJ definite lime P 9i!. 

72. How are the retrograde asd atatianaiy appearances of an 
inferior planet eiplained ? 97. And how are those of a aupiirior 

73. Why is a planet retrograde at inferior onnjnnction or op- 
position? 98. In what positions will its moticin be dirent? 

74. How ia the periodio time of an inferior planet found f 103. 

75. And in what way ia that ot a superior f 1 04. 

76. What are the luemding ajid descending nodei of a planet's 
orbit f lOfi. 

77. How ia it shown that Mercury and Venus derive their light 
fioni the sun ? 105. 

78. What are the changea in the appearances of thoae planets i 
106. And how are they explained? 106. 

73. To what is the part of the Uluminaled surface of a planet 
which is seen by a spectator on the earth proportional f and 
why? 106. 

80. Prove that the illuminated surface of a superior planet 
which is visible to ua ia least at qnadriturcs. 108. 

81. Why does Mars appear gibbous to ua, and ntver cresecnt- 
shaped^ 108. 

82. Jupiter never appears either gibbous or oresocnt-sbapod ; 
why ? 1 08. 

83. Upnn what doea the hritchtnesa of a plane! depend? 109. 

84. Why are the inferior planets not brighttst at superior or 
inferior conjnnction? In what part of their orbits ore they 
brightest P 109, 

85. When is Venus b morning star } And when an evening 
starP Andwhy? 110. ' 

86. Why is Mercury seldom seen hy the nated ejeP What 
are the best circumstances for obsrtving thai planet? 110. 

87. What relation did Kepler discover to eiiat between the 
periodic times and the distances of the planets from the sun J 

113. The distance of Mara from the sun being to that of the 
earth as 1'6'24 : 1, find his periodic time. Find it from the con- 
aideration that the interval between two successive oppositions is 
about 780 days. 

88. What is Bode's Kw of planetary distances 1 1 14, 

89. Ibis empiric law fails in the case of one of the planets? 

114, mU. 

90. What was the Ptolemaic system .= US. 

91. Prove that tbe velocities of the planets are inversely as tie 
square roots of their distances from the sun. Page 88, note. 

92. Hence the stationarj points may be graphicallj repre- 
sented. Fast 89. 
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CHAP. Till. 

93. How mnj it be ahoim that Jupib^r is a.n opaque liody F and 
«Ieo that bis eatellites are opaque ? 116. 

9i. Whence does it appear that their orbits are inclined to that 
ofJupit*tF 116. 

96. Why do we not see both the beginnings and the ending! of 
the eclipses of the first two satelliteHp 117. 

96. What are the meanings of an telipse, an oeadtalion, and a 
ftonjtV of a BBtcUite ? 117. 

97. What remarkable relati 
tudes of the first tliree satelli 
cannot be all eclipsed at once? 119, luili. 

98. Who discovered these satellites? Why was Um diacoTery 
at first disappointing P 1 23 , 

99. What scieatiGc diacoTeries followed in the wa^s of thia? 
122. 

100. What is the mean inclination of the Moon's orhit to the 
ecliptic? What is her periodic time? How is it shown that shs 
does not describe an exact circle round the earth } Wliat ia her 
average apparent motion in one hour ? 125. 

101. What is the motion of the moon's nodes? 186. 

102. What proves that the moon is illuminated by the snn? 
127. 

103. When is the moon new, full, creacent-shaped, gibbous? 
127. 

104. Prove that the enlightened part varies BS the versed sine 
ofthe sni-le of elongation, nearly. 128. 

105. How is the moon's periodic Hme found ? 1S9. 

106. What is the Metonio cycle P Whafare thcf iiid<iniiwi*«-», 
and why socalled.' 130, 

107. SescribG ths appearance of the moon a few days befbre 
and after new moon, and explain its cause? 131. 

lOS. Whatmethod did Aristarchus of Samoa Use for ascertaining 
the sun's disUncefrom observatione of the moon ? 132. 

109. Why may we conclude that there are no seas on the Utoon ? 
133. 

110. What ia lie method adopted for the purpose of measuring 
the height of a mountain on the moon i 13&. 

111. How may it bo inferred that the lunar mountains an r#- 
latii'ely three limes higher than those of the earth } 135, noU. 

112. Describe the moon'a Ubraiiona and their cauteal I3B. 

1 13. Why ia it that there is little moonlight in Summer, and a 
good deal in Winter? 137. 

1 1 4. When ia the moon's retardation in rising least ? and when 
greatest? and why P 138. 

115. What ia the phenomenon of the Harvest Moon> 139. 

116. Explain this pi - " ' '" 
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117. What is known of the atmoephoreB of the planete P HI. 

1 18. How may it be shown that the moon's atmospfaare, if any, 
must be eitremely rare* 143. 

119. Under what ciruumataaees are Saturn's rings invisible to 
U8 } 143. 

liO. How may it be shown that there will he two appearaocoa 
aod two diaappearances of the rings in the coutae of a year? 146. 

121. Explain the phenomena of the August and NoTomber 
meteors? 143. 

122. How do you account for the great meteoric displays which 
occurevery thirty-three years ? 149. 

CHAP. IX. 

123. What is the came of an eclipse of the moon? 1S3 ; and of 
that ofthesun? 159. 

124. WhatislhepeMumi™.' 1E3. 

125. What is the amount of the angle Buhtended at the earth 
by the section of the shadow at the moon's diatanco 7 163. 

126. How may the height of the shadow be determiued ? 163. 
137. When is a lunar eclipse total ? When partial ? 154. 

128. What iathe groateet duration ofa total lunar eclipse > and 
why? 164. 

129. Why does not a lunar eclipse take place once every month, 
when at oppoaitiou? 154.. 

180. How are the heginning, the ending, and the magnitude of 
B lunar eclipse calculated > 155. 

131. What aro the lunar ecliptic limits? andhowfound? 1G6. 

132. Why do not the eclipses of the moon occur alwaja at the 
same periods of the year? 167. 

133. What ia the Chaldean Sacos? and for what purpose ia it 
nsod? 1S7. 

134 Why can we generally see something of the moon in a 
(otaledipse? 168. 

136. Why is a total eclipse of the sun not visible over the whole 
hemisphore, aa that of the moon la ? Ia what parts of the earth is 
the aun partially cclipaed ? 169. 

136. When will an echpae of the aun he annular ? 160. Why 
is there never an aonular eclipse of the moon ? 

137. What is the greatest duration of a total solar eclipse? and 
how ia it proved ? 100. 

IBS. How is the magnitude of a solar eclipse calculated P 161. 

139. How are the solar ecliptic limits found ? 162. 

140. What are the greatest and least numbers of eclipses ofths 
snn and of the moon in a year? and why? 163. If a total and 
central eclipse of the moon tates place, why must there be ■ solar 
eclipses at the previous and following new moona f 

141. Explain the circumstance that thorc arc generally more 
eolipaes of the sun than of the moon in a year, but fewer of the 
Utter visible at a given place i 161. 
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142. WLyare transitaofVeaussaroro? 186. 

143. 81iov tliat by meana of a traneit of Vbhiu ihe Bim'a dis- 
tance may be determined? 171. 

HI. Wbj vera Wardliua and Otaheite selected ae statians of 
obserratioQ of tba tranait ia 1769 ? 176. 



lis. Wbat ia meant lif A</i<i«Rfri> longitnde and latitude, a* 
distinguiahtd from geocentric f 177. 

H6, By what observatioa is the decUnstiou of a atar found t 
178. 

147. Describe the mural circle. 178, 196. 

148. What equation connects the latitude of ui observatory 
vith the declination and meridian altitude of a heavenly body > 
178. Wliy IB it adrantiigeous to use the pular distance instead of 
the declination? 178. 

149. What corrections must be applied to the observed Eenith 
distance {or altitude), in order to find the true ? 178. 

150. How ie the Instance of the zenith &oai the pole found? 
179. 

151. Howistheobliquity of the ecliptic determined P 180. 
]a2. If the right ascension nf one star bo known, in what 

moQDerm«y th« right ascensiana of alt the heaTculj bodies be de^ 
tenained? 181. 

163, Describe the method by which the right aacenaion and de- 
clination of a star may be found ti-om observations made out of 
the meridian? 182. 

1 S4. Deacrihe an altitude and azimutli inatrument. 182. 

166. Describe an equatorial inatrument. IBS. Describe an 
observatory clock. 184. 

166. How ia the astronomical clock regulated ? 184,187. 

157. By what means did Flamstead ascortain tbe right asoen- 
lion ota Aquilie? 185. 

168. If £ be the right ascension of the sun after the vernal 
equinox, what is its ri^t aacension whi?n it has an equal declina- 
tion before the autumnal equinox 7 and why is it so f 186. 

lo9. What are Handard stars, and to what purpose are they 
applied } 187. 

CHAP. XI. 

160. What is meant by a vernier? 189. 

161. Describe the astronomical quadrant. 161. 

162. How is tbe error of the line of collimatJon found f 193. 
168. Describe the transit instmrnent: for what purpose ia it 

uaed i 196, 197. 
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164. How is it used in order to determine mean time f 198. 
1G5. What is meant by taean time, apparent time, and the equa- 
tion of time? 198. 

166. Hour vould an ordinary clock be aet ih>m obseiring tlie 
timeoftraDsitof aknownslar? 198. 

167. DtBCribe a meridian circle. 199. 

168. Whatare themethodHoffindingameridianiine? 201. 

169. The meridian may he found bj means of a porUUe tra&ait 
illBtniment' 204. 

170. The meridian may he found by obaerraticmB of tbe pole- 



171. How may (he velocity ofligbt be found from obaecvationt 
of lie eclipses of Jupiter's satellites i 206. 

172. Dt^evribo the phenomenon of the aberration of tbe fixed 



173. "Whr cannot thia be accounted for by annual parallai? 
206. 

174. How ia it aooonnted foe by Bradley? 207, 

175. I'rove that the sine of the greatest aberration is equal to 
20".46. 298. 

176. What is the value of the aberration in general 7 208. 

177. Esplain the effect of aberration on the latitude and longi- 
tude of a star indifferent positions of the eailh in its orbit. 210. 

178. How may the Telotity of light be calculated Irom the 
amount of aberration of a star ? 208. 

179. In what way does this prove the motion of the earth in 
its orbit! 212. 

180. From what two causes does the interya] between two snc- 
tesaiye transits of the sun differ from twenty-four hours? 213. 

181. £i|>lBin the effect of each of these causes on tlie sun's 
increase in right ascension. 216. 

182. What is meant by the equation of time P When is it posi- 
tiveJ when negative ? and how oflen does it vanish? 213, 116. 

183. What la meant bjr mean Bolai time? 214. 



186. How ia the latitude at sea found F 223. _ 
1S7. How is the latitude found from observations made wbeQ 
Jie SUB is off the meridian. 224. 
188. From two observed altitudes of the »un, and the time be- 
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tween, the latitude maybe found. S24. "Bow is the apparent 
lime at aea found i 225. How is the TSriation of the compaaa 
ascertained } 236. 

189. fxplain tjie methods of finding the longitude — 1* b; 
chronometers; 2° the lunar method; 3° the method by edipBes. 
230. 

150. How may an obaerred lunar distance be corrected for 
parallax and refraction ? 236. 

151. Why ie an error of obsetration in the lunar method of 
finding the longitude ot much greater importance than an error 
in finding the latitude? S37. 

192. What is the diHortnce of time at two places forty-flye 
miles disiant, both of latitude 60° ? 

193. The meridian altitude of the sun is 67° 22' when his de- 
clination is 19° 27' north; calculate the latitude. 

194. The latitudes of Lizard Point and of John o' Groat's 
House are 49" 56' north, and 58" 69' north respectirely ; what 
are the meridian altitudes of the sun at each place at Mid-Summer 
and at Mid-Winter? 

IBS. The longitude of Lowestoft is 1° 45' east, and that of the 
lAnd'BEnd5°40' west; how does the local time in each, case differ 
from that of Greenwich i 
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A1)erralion of light eiplained, 
203; i(8 effect on the position 
of theatere, 207, SlU. 

Abbott, Mr., OD the Tides, 315. 

Acceleration of Moon's mean 



347. 
Airy, Professor, 316, 3i8, noU. 
AUiazen, SI, 65. 
Altitude, 6 ; of pole equal to 

latitude of place, 39; change 

of, 34. 
Altitude and Azimuth Instru- 



256. 

Apparent time at sea, how- 
found, 226. 

Aphelion, 26*. 

Apogeeof moon, 262. 

Apsides, 231. 

Areas, Kepler's law, 24S. 

Argelander, catalogue of stars, 
24. 

Ascension light (see Bight as- 

Ajrt«Toids, 2 ; elements of, 111. 
Atmosphere of moon and 
planets, 141, 142. 



Bessci determineE annual par- 

Biela's comet, 277. 

Binary stars, 331. 

Bodies, law of planetary li 
tancea, 114; violated ' " 
case of Neptune, 114, 

Bradley, 122, 207. 



the 



Catalogues of Stars, 24. 

Centrifugal force, 79, 

Chronometers, 234. 

Circle, great, i ; Arctio and Ant- 
Stctie, 45; vertical, 8; Lour, 
7 ; divided, 4 ; meridian, 
199; mural, 17S, 195. 

Clock, astronomical, 186, 167 ; 
regulated, 184. 

Collimation, line of, 192, 

Coloured Stars, 25. 

Colures, 16. 

Comets, 146, 269-279. 

ConjaQctions, superior and la- 
fetior, 95. 

Corona of the sun in total 
eclipses, 321. 

Cycle, Metonic, 130, 



D' Arrest's . 



t,278. 



Declination, 7 ; how obtained. 



Delalande, catalogue of etarg, 
24. 

Densities of planets, 311. 

Degree of meridian, how mea- 
sured, 3S, 286 ; length of, 
in various latitudes. 

Dialling, 217. 

DiamL'ters; of earth, 35; of 
planeta, angular, 62 ; in 

Distance ot the moon, 64, nntt; 

the Bun. 61 ; Siedstars, 88 ; 

of planets, 111. 
Douhle Btars, 2S. 



Earth, shape of, 31 ; magnitude 
of, 32 ; proved to be nearly 
sphent^al, 34 : diameUr, 3S ; 
rotation of, 76-82 ; annual 
motion, 83-86; hourly mo- 

Ecoentrieity, 254 ; of earth's 

orbit, 258. 
Eclipses, solar, 1S9 ; lunar, 

153; annulaj-, 160; oomber 

Sossiblo ia a year, 163; of 
iipiter'B satellites, 116, 
117; ecliptic limits, 166; 
102; phenomeaa attending 
total Bolar eolipse, 321. 

Ecliptic, 9. 

Electric telegraph, longitude 
found by, 284. 

Elements of a planet's orbit, 
2.^9; ofa comet's orbit, 271, 

Ellipticity of the earth, a con- 
sequence of itsrotation, 337. 

Elongation, 95. 

Encke's comet, 275. 

Equation* secular and periodi- 
cal, 346, note. 

Equation of time, 213, 216; of 
the centre, 254, 263 ; lunar 
annual, 2U5. 

Equator, celestial, 6, 36. 

Equatorial LnatruiceQt, 183, 

Equinoctial, 6. 

Equinoxes, preceauon o^ 13, 



89; itseffoota; its physical 
cause, 190. 

Eratosthenes, method of mea- 
suring the earth, 36. 

Error of clock, 184; of instru- 
ments, 193, 194. 

Establishment of a port, 316. 

Evecdon of moon, 266. 

Eccentricity of earth's orbit ; 
how ascertained, 2dS. 

Euler, 346. 

Faye's Comet, 276, 
FlaciiBlead, 345 ; catalogue of 
■ Stars, 24; right ascenaoQ 

of a Aquil«, 185 ; lunar 

tables, 267. 
Fourcault, pendulum experi- 



Galileo, 67 ; discovered Jupi- 
ter's satellites, 122; calcu- 
lates orbit of a projectile, 
838, 

Geocentric longitude, 177. 

Golden numbers, 130. 

Gregorian reform of the Ca- 
lendar, 304. 

Hadiey'B Sextant, 219, 220, 
221. 

Halley, 38, 264, 345; his 
comet, 272. 

Hansen, 267, 349. 

Harriott. 67, 122. 

Heat, greatest, 11. 

Heliocentric place, 177 ; longi- 
tude and latitude deduced, 
242. 

Herschel, Sir W,, tetescopcB, 
21; double stars, 25; ne- 
bulce, 28 ; rings of Saturn, 
145. 

Herschel, Sir John, 25, 38; 
nebula, 28. 

Hipparchufl, catalogue of 
stars, 21 ; dJBCovers prcccs- 
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Horizon, 1 ; dip of, 22* ; Celes- 
dnl, 6',artiflciii1, 381. 

HoiTOi, 188,286, 267. 

Hour circles, 7 ; hour angle 
calculated, 226. 

Huygena discovers tinga of 
Saturn, 143 ; conjectura as 
to figure of tlio earth, 289. 

Illuminated portiona of a 
placet's Biuface aeen from 
earth, 106. 

Inclination of orbit of planet, 
how found, 243. 

Intercalation, 301. 



Magnitudes of the planets, 71. 

Mbbbcs of the planets, 811 ■, of 

the moon, 310; of the eun, 



Kepler, 113; lawB of planetary 
motion, 248, 339 ; method of 
determining orbita of Mars, 
260 ; his problem, 267, 33S. 

Eirchhoff, 320. 



346. 

Latitude, c«teatial, Ifi ; helio- 
centrio, haw found, 242 ; geo- 
centric, how fbuni 2S6. 

Latitude, terrestrial, 36 ; at sea, 
how ascertained, 224. 

Laverriar, 1,2,276, 342. 

Leiell's comet, 273. 

Librations of moon, 136. 

Light, aberration uf, 208 ; Te- 
locity of, 212. 

Local time, 226. 

Lonptude, celestial, IS : helio- 
oentrio, 242;geoeentric, 177. 

Longitude, terrestrial, 36, 37 ; 
how determined, 230; lunar 
method, 236 ; method by 
moon culminating stars, 23. 

MageUaoic clouds, 28. 
Magnitudes of stars, 18. 
Hare appears gibbons, 108. 






ion of planets, 245. 
I, 108. 



Mercury, seldom Tisible except 
during twilight, 110. 

Meridian, 7 ; torreetrial, 36 ; 
circle, 198 ; how found, 200. 

Metonic cycle, 130. 

Meteors, 149. 

Micrometers, B7. 

Milky way, 18. 

Moon, 10, 12B; phases, 127; 
periodic time, 129 ; distance, 
64, note ; appearances of its 
suifacc, 133; mountains of, 
134, 136; librations, 136; 
retardation, I3S ; harvest 
moon, 139, 140; eclipses, 
1S3 ; physical conitilutioa, 
260; heat, 261. 

Month, synodic, 129. 

Mural circle, 178. 

Nautical almanac, 237, 233. 

Nebnice, 28 ; spiral, 28 ; spectra 
of, 327. 

Nehnlar theory, proposed by 
Kant, and adopted by La- 
place, 323. 

Newton's researches on gravi- 
tation, 338, &e. 

Neptune, 2 ; discovery of, 342. 

Nodes, 105 ; moon's, 126 ; 
place of planets' node, how 
found, 243. 

Nebeoula, major and minor, 28. 

Nutation, 90; gta^ically re- 
presented, 81. 

Obliquity of ecliptic, 1 1 ; how 

found, ISO. 
Opposition, 99. 

Parallai, horizontal, how 
69 ; amount of, for 
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Penumt™, 153, 

Perieee of moon, 262. 

Ferihelion, 294. 

f eriodio time of plsnels, how 
asMrtained, 103, 101, 214 ; 
of moon, 26*. 

PhaBBB of thB moon, 127; of 
Hercarv Euid Venus, 105. 

Fkoets, i ; distance from &e 
earth, hoT found, 61, nete ; 
magnitudes, 71 ; ratio of 
dialHDixs from gun, how de- 
lertoined, 96; brightneuof, 
109 ; taWes of planetary 
Bvstem, 111; table of ellip- 
tic elements of orbits of, 259; 
atmospherea o^ determined 
bj the speotroscope, 324. 

Poles, 2 ; altitude of, equal to 
littitude of place, 39 ; ehange 
of altitude proportional to 
space gone over north or 
■oath, 3#. 

Procession, 89 ; e>Tl"ined, 80. 

Proper motion of the stars, 827 ; 
of the sun, S27. 

Ptolemaio system, 116; Pto- 
lemy, 266, 267. 



Besisting medium, 27S. 



1S5. 

Binga of Satom, 14S. 
Roemer, 122, 206. 
Bosse, Earl of; the late, 21, 28 ; 

the present, 28, 261. 
Botatiao, of sun, 6S ; of the 

planets, 68 ; of the earth. 



tti^meata 
againat, 73-79 i experimen- 
tal proof of, 80 ; Fourcaiilfa 
experiment, 81 ; Eoggested 
by Hicetaa, 82. 

Saros, Chaldaan, 167- 
SatelUles, Jupiter's, H6 ; dia- 

tacces from Jupiter, 119; 

masses, 120; Saturn's, 123; 

Saturn, satellites, 123 ; pe- 
riodic time, 216 ; rings, 143. 
Seasons explained, 86, 87. 
Secular equations, 346. 
Seilant, Hadley's, 219-221. 
Shooting stars, or meteors,' 149. 
Siderealday, 14 ; year, 248, 
Signs of the Zodiac, 13. 



planets, 324; to the fixed 
stars, 32S ; to variable stare, 
826; to nebulEe, 627. 
Sphere, oblique, right, parallel. 



talogues of, 24 ; double, 2fi ; 

nev, 26 ; periodical, S7 ; 

spectra of, 326; proper mo- 

tiona of, 328 ; distance of, 

329 ; parallax of, 87, 3S0 ; 

binary, 331 ; distribution of, 

382. 
Btationary points of planets 

demonstrated, 97 ; ctoistrac- 

tion for, 116, rdU, 
Strure, catalogue of double and 

Sun, spots on its surface, 65, 
318; rotation on its axis, 
66 1 distance of, 64 ; parallax . 
of, 176 ; magnitude of, 71 ; 
phenomena attending a total 



eolipee of, 321 ; phyucal 

conatitiition of, 321-323. 
Survej, triganDDietrical, 286, 

896. 
Synodic lerDlntion, 129. 
TeIeEc<^es, 19; aerial, 20; 

refraoting, 20 ; reflecting, 

21. 
Tidee, 312. 
Time, appurent, at eeo, tiow 

foQEd, 226. 
Traaait instrument, 196. 
Transite, of Jupiter's latellitea, 

117 ; ofVeniiBand Meroory, 

167, 



Vaiiation of the oompais, how- 
found, 227. 

Variation of moon, 265. 

Velocities of planets, ratio of, 
116, note. 

Venus, when brightest, 109 ; 
morning and evening star, 
110 1 tranait of, 171; apee- 
trum of, 324. 

Vernier, 189. 

Vertica] prime, S ; ciroleB, S. 

Ward, Seth, his hypotheeis of 

planetary motion, 2SS. 
Wilaon, Professor, 318. 



Twilight, 68 ; duration of, 63. 
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